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v ABSTRACT '

-

EFFECTS OF THERMAL OXIDATION ON THE CONSTiTUTIDN oF
BUTTERFAT-, BUTTERFAT FRACTIONS AND.

\

CERTAIN VEGE TABLE OILS

" Donna B. Kupranycz - ., . o L McGill University, 1986

3

Ihe present study was undertaken to characterize the nonvolatile

5egradation produc&i.which are formed during the thermsl oxidation of

!

butterfat and butterfat fractions as well as certain vegetable oils

3

/
(soybean, sunflowerseed, canola and corn oils), Samples of winter and

summer butterfat, liquid and solid butterfal fractions (ghtained by a

laboratory method which was developed and is described), and the vegetable

o

" oils were heated at 185°C in .the presence of air for 8 and 16 h.

The results of various analyses performed on the nonvolatile
fractions of the heated fats and oils indicated that butterfat 1s much
more stable to thermal oxidation than canola, sunflowerseed and soybean
oils. This was evidenced by substantially higher contents of inter- and

intramolecu}ar polymeric fatty acids and total polar components in the

kvegetable oils than in any of the butterfat samples after'both 8 and 16 h

%f heat treatment. The corn oil also exhibited a high degree of stability
'

to thermal oxidation after 8 h of heating. The l6~h corn oil data, hgw-
ever, was less certain due to the presence of a8 very viscous and dark

coloured material‘gp the inner walls of the oxidation flask which was not



‘soluble in chloroform, ethyl ether) or acetone; this was believed to

-

contain highly polymerized oil and was not observéed with any of the other
samples. |
lj All of the‘vegetablevoils, after both 8 and 16 hours of heat
treatment, contained substantially higher levels of Cl18 cyclic fatty 'acids
than did any of the hutterfat samples which were treated under ident1cal
conditions.

With thevgptterfat fractions, both the solid and liquid fractions
exhibited.a éreater stability to)thermai oxidation compared to whole |
butterfat. The results of this study suggested that the high degree of _

stability of butterfat to thermal oxidation is due to its fatky acid

composition (i.e., the high level of saturated fatty acids in

and also to an antioxidant component (or components) which is re) ‘concen-
trated in the liquid fractions Huring butterfat fractionstion.

The results also indicated that the principal routes of decomposi-
tion are different in liquid and-solid butterfat fractions. The liquid
fractions contazned higher levels of dimeric and higher oligomeric tri-
glycerides in their degradation products while the solid fractions con-:
tained higher levels of oxygenated triglycerides and/or hydrolysis

-

products.



LES EFFETS THERMO-OXYDATIFS SUR LA COMPOSITION CHIMIQUE

~ DE LA MATIERE GRASSE DU RRE ET DE SES FRACTIONS,
AINSI QUE SUR CERTAINES HUILES V ETALES.
<9

i

Donna B. Kupranycz : L'Université McGill, '
1986

Nous avons entregris la présente éfude dans le but de caractériser
les compos&s non volatilep produits lors du traitement thermo-oxydatif de

. )
la mati2re grasse du beurre\et de ses fractions sinsi que de certaines

huiles végétales (soya, tournesol; et, mais).

| Des échantillons de matigre grasse pr&lev€s 3 partir du beurre '
d'hiver et du beurre d'&t&, des fractions liquides et solides de ce gras
(recueillies 8 1'aide d'une technique develope& dans nos laboratoires et
décrite dans ce traveil), et différentes huiles végétaiés ont Eté chguffés
EJIBSOC et combin&s 3 1'action d'-oxygé&ne durent deux pEriodes de 8 et
16 heures.

Les résultats de 1'analyse des compos€s non volatiles produits

suite aux modifications thermo-oxydatives de ces corps gras indiquent une
plus grande-stabilité de la matidre grasse du beurre aux altérations

thermiqui?§§§ oxydatives comparativement aux huiles de soya, decolza et

de tourneéﬁﬁ“soumises au méme traitement.
/

-



8

* oo
oy ¢

[

L'examen de la compositiop chimique de nos échantillons accentue
d'avantage ces différences. Ainsi, la teneure en polymdres (intra et
inter moléculaire) d'acides gras et en composés polaires des huliles
végétales ayant subit des modifications thermo-oxydastives est supérieure 3
tous les autres échantillons de matiére grasse du beurre, et ga, peu
importe la dur€e du traitemenl. L'huile de mgis démontre Egalement une
@rqnde stabilit& sux altérations oxydatives aprés 8 heures de traitement.
Par contre, sprés les 16 heures de traitement de cette huile (mais), la
présence d'une couche liquide visqueuse et foncée de matériel rend
Qifficile 1'interprétation des résultats puisquill nous a &t 1mpossible
de rétirep.cette substanc; du bellon oxydatif; nous croyons que cette
substance, absente des autres &chantillons, renferme une huile hautement
polymérisée. - ' .

Aprés le traitement thermo—oxydatif; toutes les huiles végétales
contiennent une plus grande quantité de monomdres cycliques qug@la matiére
grasse du beurre ayant subit les mémes conditions.

Les fractions & la fois solides et liqu15es de matiére gfasse du
beurre sont d'avantage stables aprés traitement thermo-oxydatif que la
matidre grasse d'origine. Ces résultats démontrent que la composition en
acides gras de la matidre grasse du beurre determine son susceptibilité a
le dégradation thermo-oxydative, (c'est-a-dire, une teneure Elevée en
acides gras saturés), ainsi que le ou les antiowydentssqui se retrouvent
en majorité dans la fraction liquide du bedrre lors du‘fractionnemeqt de

%

la matiére grasse d'origine.

- N o .
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Les résultats inqiquaieﬁt que Lgs principales routes de - .

°

_ dégradation sont différentes dans les fractions liquides et solides dé. la-
, s

matiére grasse du beurre. Les produits form&s dans 1a fraction liquide se

°”composent d'avantage‘aendiméres et d'oligoméres de tringcerides, alors

A\

que 1l'on retrouve une: teneure plus Elevée de triglycérides oxydés et/ou de

produits hydrolysés. dans la °frection solide de mati&re grasse du beurre.
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fo air), es when fats are used in frying, is known to result in a vaeriety
" of complex chemical reactions in the fat of the oxidative and thermolytic ,

'types (Nawar, 1985). This leads to the formation of numerous volatile and

health.
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Thermal oxidation of & fat (ca. 180°C - 2000C in the presence
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nonvolatile degradation products, many of ‘which are important from,the
standpoints of flavour,kodour and nutrition.

Of particulsr interest in terms of‘thé nutritional value of heated
Fatsz are the nonvolatfle degradat;gn products which accumulate 1n the
thermally oxidized fats and are subsequently ;ngeéted with the food.

Studies have shown that more of the nonvolatile deyradatiom products are

found 1n the food than in the-remaining frying 6ils on a proportionality.

basis (Hussain and Morton, l97a;"THompson and Aust, 1983). A relationship
between the nonvolatilé, non-ures-adduct-forming fraction of thermally
oxidized vegetable 0115 and various toxic respomses has been squested by
the animal experiments conducted by Crampton et al. (1953, 1956). The
work of sugsequent researchers (Michael et al., 1966; Artman, 1369;

Artman and Smith, 1972; Ohfugi and Kaneda, 1973) supports these findings

and suggests fhat the nonadductsble monomers (cyclic monomers) and oxida-

tive dimers are the main source of toxicity. The major question which con-

tinues to be disputed is the extent t6 which these newly formed compounds
are formed during normal deep frying or other procedures involved 1in food

preparation and the significance of these compounds in terms of human

u




There is some evidence in the early literature that butterfat may
have nutritionsl advantsges over vegetaBle oils as.a cooking fat (Johnson
et.al.; 1956 ; Bhalerao et al., 1959; Coombs et al., 1965). There
is, however, very little information on the composition of the nonyola—
tiles in heated butterfat; this type of information may help to explain
the observed nutritional advantages.

In this investigation, the thermal oxidative-behaviour of butter-
fat was studied and compared to those of canola, soybean, sunflowerseed
and corn oils. In addition, buélz;fat from both winter and summer butter,
was fractionated by crystallization from molten fat and the thermsal
oxidati;e behaviour of the resultant fractions (solid and liquid) was
studied. Fractionation of butterfat is of particular interest: to the
Canadian Dairy Industry as it may lead to an expansion in the use of

butterfat in food formulation and processing. To the authors' knowledge,

there is no information in the literature on the thermal oxidative

behaviour of such butterfat fractions. To obtain meaningful data from the

55
study of butterfat fractions and since butterfat fractions are available

only to a limited extent in some European countries, a laboratory
procedure which closely resembles that used in the Tirtiaux industrial
process (S.A. Fractionnement Tirtisux, Belgium), was developed. The first
part of this thesis deals with the description of this process and
characterization of the fractions which were produced. The next apd
subsequént sections deal with the thermal oxidation of the varioﬂé
butterfat and. vegetable o0il samples and the characterization of the
resultant nonvolatile fractions (dimeric and higher oligomeric material,
polar apd nonpoler materisl, and C18 cyclic monomers) according to their

composition.



1. COMPOSITION OF BUTTERFAT

CHRAPTER II

LITERATURE REVIEW ~

u

o

Among all of the naturally occurring fats, butterfat from cow's

milk is the most complex in its chemxca% and physical characteristics.

. Adding to this complexity is the variability 1niﬁts composition resulting

Y
from feeding conditions, stage of lactation and breed of the animal. A

detailed discussion of the chemistry of milkfat 1s not within the/ scope of

this thesis, but since fractionation and thermal oxidation of butterfat

are greatly affected by composition, some general remarks on the

composition of the lipids i1n milk are included here.

A typical composition of the lipids in whole bovine ‘milk is given

in Table 1.

Table 1. Composition of Lipids 1n Whole Bovine Milk (Jensen, 1973).

Lipid Weight %
Hydrocarbons trace
Sterol esters trace

— Triacylglycerols 97 - 98
Diacylglycerols 0.28 - 0.59
Monacylglycerols 0.016 - 0.038

Free fatty acids
Free sterols

Phosphoplipids

0.10 - 0.66 . _
0.22 - 0.41
0.20 - 1.0




‘Milk lipids also contain appreciable quantities of the lipid sol-

uble vitamins, i.e., mainly vitamins A, D, £ and K. The amounts of these

witamins in cow's milk as & percentage of the total lipids have been

reported as follows: 0.0006 - 0.0009% Vit A; 0.00000085 - 0.0000021% Vit

'D; 0.0024% Vit E; 0.0001% Vit K (Kurtz, 1974).

The lipids in milk occur in the form of globules (ca. 2 - 3 u in
e«diameter) which are surrounded by a specialized bilayer membrane composed

primarily of proteins, phospholipids, glycolipids, sterols and acylgly-

cerols (Patton and Keenan, 1975). This membrane, known as the milkfat

globule membrane (MFGM), maintains the integrity of the globules and

A

renders them compatible with their agueous environment. The fat globule

core consists almost entirely of triacylglycerols (98 - 99%); more than

95% of the total milk lipid is in t(he globule fraction and the remainder
b

is present in the MFGM (Table 2).

Table 2. Composition of Lipids from Milkfat Globule Membrane
(Bracco et al., 1972).

% of membrane lipids

Lipid component

Carotenoids 0.45
Squalene ’ 0.61
Cholesterol esters 0.79
Triglycerides 53.40
Free fatty acids 6.308
Cholesterol " 5.20
Diglycerides 8.10
Monoglycerides 4.70
Phospholipids 20.40

8 Contained some triglycerides



When milk or cream is churned to make butter, thé MFGM's are
disrupted and the more water soluble components (proteins) plus
approximately half of the phospholipids are lost in the buttermilk
(Lampert, 1975). .Hence the composition of butterfat differs frpm the
pérént milkfat, particularly in terms of the content qf phospholipids.

Butterfat contains a greater number of different fatty acids than

any other food fat; at least 437 have been listed i1n a comprehensive re-

A

view paper by Patton and Jensen (1975). The following fatty acids are

believed to be present in butterfat: even- and odd-numbered saturates from
C2 to C28; even- and odd-numbered monocenes from Cl0 to C26 (except Cll),
including positional and geometric isomers; even—-numbered polyenolc acids
(c18¢3, Cl8:4, C20:3, C20:4, C20:5, C22:3, C22:4, C22:5, C22:6), includiﬁg
some conjugated trans isomers; iso and anteiso monomethyl-branched fatty
acids from Cl6 to C28 with three to five methyl branches; keto- and
hydroxy~-fatty acids (including many positional isomers, and saturated and
unsaturated acyl chains); and at léasf one cyclic acid. O0Of this large
number of fatty acids, approximstely 20 are major fatty acids; the

remainder are minor and occur in small or trace quantities (Table 3).
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Table 3. Fatty Acid Composition of Milkfat (Welstra and Jenness, 1984).

A

Composition (in mole %) of

Acid Notation ' neutral glycerides
Saturated 69.0
Butyric 4:0 8.5
’ , Caproic 6:0 4.0 -
Ceprylic 8:0 1.8 .
Capric 10:0 3.0 -
Lauric 12:0 3.6
. , Myristic 14:0 10.5
Palmitic 16:0 23.5
Stearic 18:0 10.0
Odd-numbered 2.5
Branched 1.1
OtHer - 0.7
‘ Monoene . 27.0
Palmitoleic 16:1 A 9¢ 1.4
Oleic 18:1 A9c 21.0
Other .5
Diene ’

Linoleic 18:2 A9, 12¢

Other r»"\\_—.-/w
Polyene

«-Linolenic 18:3 A9, 12, 15¢c

Other

.

o o o R e} O~ N (¥
.
W & p oo ~} @\

Keto

Hydroxy

-

Fatty slcohol 0.01

e
w

-

Fatty aldehyde ' 0.02




2, THE CRYSTALLIZATION BEHAVIOUR OF BUTTERFAT AND

9

SOME ASPECTS OF BUTTERFAT FRACTIONATION - ' ‘

.
»2 ¢ '

o

o The melting and solidifiqatioc behaviours of‘cctterfat are as comp-
licated and variable as the chemiﬁﬁﬁ-composition ;f the fat. Because of
the broad spectrum of fatty acids‘ih’buttecfat, a large number of
different triacylglycerols canlbé formed; consequently the melting and
crystallization occurs over a wide range of'temperature. It 1s normally
anticipated that butterfat is llqu1d above 40°C and completely

\’x
solidified below -40°C (Brunner, 1974). At intermediate temperatures it

is a mixture of solid and liquid fats.

Milkfat has been used traditionally, for the most psrt, as butter,
which is an important food-fat product in tbe dairy industry. The wide o
melting range of butterfat, however, limits its usefulness in non-dairy
food applicatiops which require specific or sharp melting characteristics;
this puts butterfat st a disadvantage when ‘compered to the wide range of
specialty vegetable fats and oils whlch are available to the food-fat
industry. One way to overcome this limitation 1s to modify the chemxcal
and physical characteristics of butterfat. Methods which have been ‘
attempted in this direction include (i) fractionation'of'butterfat into
high-melting and low-melting fractions (de Men, 1961),‘kii) Blending of
butterfat with vegctable oil (for example, in the manufacture of dairy p
blends to improve low temperature spreadability) (Amer and Myh{i 1973),

and (iii) the incorpcrationJof polyunsaturated vegetable oils into the
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'tnrseparatlon of the crystalline fat from the liquid oil (Thomas, 1985).

diet of the cow to increase the degreée of unsaturation of the milkfat
“(Scott et ‘al., 1970). Oniy the first method, fractionation, is
d.scussed here. - ”
Fractionation is a process involving crystallizstion and

separatioﬁ; the component triglyeerides of fats and oils are separated,

usually as mixtures, by partial crystallization in a liquid phase followed

It is usually considered thast the three following successive stages are
involved: (i) cooling of molten fat to produce nucleation; (ii) growth of

-crystals to a size and shape that permit efficient separation; and (iii)

separation or isolation and purification of the resultant solid and liquid
phases (Thomas, 1985). - ’ |

fFractionation of butterfat can be made either by crystéllization
of the fat diSSglved in an organic solvent such as acetone or alcohol
(Chen and de Man, 1966; Colombini et al., 1'979; Larsen and Samuelsson,
1979) or by direct cooling of the melted fat (de Man, 1968; Black, 1973
and 1975; Scheap and Rutten, 1976; de Man wofd Fiuﬂlo: 1980; Badi%gs et
al., 1983 a and b). Although.recrystallization from sclvents yields a
more distinct separation of the crystslline and liquid fractions, the
latter method is preferred for -food industry applications becguse of (a)
flavour and toxicological problems that may result from solvent resiques;
(b) the high cost of solvent recovery; énd-(c) the possibility, of destruc-
tion of desirable aroma components and vitamins.

An understanding of the nature of triglyceride crystallization is

important for optimal butterfat fractionation. Accbrding to Mulder and

Walstra (1974), bulk milkfat gontains sufficient catalytic impurities
- C)

Y
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(e.g., monoglycerides) to initiate heterogeneous nucleation with little
supercooling. Tverdokhleb et al. (1974) étated that a liquid-crystal
phase is formed in the melt during cooling after which. e monocrystalline
nucleus emerges from the high-melting glycerides. The nucleus has the
shape of a spherolite consisting of crystals radiating outward %rom a
common center. Duging the growth of the spherolite, the needle—sﬁ;bed
crystals which radiate outwards, thicken and take on a feather-1ike
structure characteristic of a typicél spherolite. .

A number of fac§ors influence the growth of crystals in the liquid
fat and consequently the shape and size of crystals. According to
Tverdokhleb et al. (1974), the formation of spherolites in bulk milkfat
appears to be a rhythmical process due‘tO*the thermal energy (i.e., heat
of crystallization) which is emit&gﬁ as cryst?llization proceeds. As heat

is emitted, the concentration of glycerides which are crystallizable under

the given conﬁitions, decreases. The growth of the spherolite will there- o

" fore stop temporarily until a state of equilibrium 1s reached between T

glycerides which are crystallizing andibrystpls which are redissolving,
and the heat emitted is disgipated. This reﬁglts in crystals which are
arranged along the outer surface and this givés the spherolite the shape
of concentric waves. The shape of the crystai% which are formed may be
hexagonal (et form), orthorhombic ( 8 ' form) 63 trielinic ( g form); this
will depend on whether they crystallize in the uﬁsteble or more stable
polymorphic form. On rapid cooling of fats, o crystals (the least

stable form) usually form first (WOz?row and de Man, 1968) because of

their relatively simple structure. “Yhe A and A ‘Ucryétals form during

&eo




further crystallization, or directly when cooling is slowqf: Polymorphic
transitions are possible; this implies alteration of the crygtal lattice
structure (solid — solid transition) (van Beresteyn, 1972) with the
liquid form as an essential intermediary (Mulder and Walstra, 1974). Thus
polymorphic transitions are more probable when temperature fluctuations
occur (e.g., when heat is emtted 'during crystallization). The size of
the butterfat crystals depends largelylon the conditions which are
employed during crystallization, in particuler the rate of cooling and
degree of agitation. If molten fat is cooled rapidly, many small crystals
with a ma®imum diameter of 1 - 2 p are formed while slow cooling resuits
in the formation of a fewer number but larger crystals with diameters up
to 40 p (de Man, 1961). Very low and very high agitation speeds result
in the formation of very fine crysfals (Scha;p and Rutten, 1976). In the
absence of stirring, the:fat crystals which are suspended in liquid oil
tend to flocculate into a network held together by van der Waal's forces
(van den Tempel, 1961). Slow stirriﬁg speeds (10 - 50 rpm) have been,
shown by several workers (de Man, 1968; Black, 1975; Scﬁéep and Rutten,
1976) to result in the formation of large crysta}s; this is the most
desirable size for optimal sepsration of solid and liquid fractions. When
crystallization is so far advanced that almost all of the remaining liquid
phase is bound into the network, the mass appears as a complete solid and
the liquid phase cennot be separated (Mulder and Walstra, 1974).

Tﬁi composition and physical propertiesﬁof the fat fractions which
are obtained depend on the cooling procedure as well as on the efficiency

of separation. Even under optimal conditions of separation, the crystalli-

gatiqn of butterfat directly from liquid fat results in part of the liquid
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" fat enclosed within the spherolites; this gives rise to a large
volume/masg ratio with the consequence that a relatively, large amount of
liqbid fat is adsorbed to the surfaces of the fat crystals (Larsen and
Samuelsson, 1979).

In recent years, butterfat has been fractionated on an experi-
mental l;vel by an extraction process which is, based on fhe use of a

‘liquified gas (CO2) or a gas in the supercritical state (Timmen

et al., 1984; Biernoth and Merk, 1985). Fyactionation by supercritical
€02 differs from fractionation by crystallization from molten fat in
that the triglycerides are separated according to their molecular weight
and particularly, by their carbon number, rather than according to the
degree of saturation of the fatty acid residues in the triglycerides. The
production of butterfat fractions which contain primerily short chain

fatty acids (C4 to Cl0) is of interest for dietary purposes (Timmen

et al., 1984).
3. SOME GENERAL ASPECTS OF THERMAL 'OXIDATION

Thermal oxidation of a fat results in the formation of numerous
degradation products, both volatile and nonvolatile. Numerous investiqga-
tions have dealt with the thermal oxidative behaviour of vegetable fats
and oils; these oils and fats are used in considerable quantities for deep
fat frying of foods and thus a knowledge gg their decomposition is- of
great practical and nutritional importancé.

’ The reaction pathways which occur during theﬁyal oxidation, the

QE’ rates of these reactions, and the products which are ‘formed depend on the

’
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interaction of many factors such as degree of unsaturation of the fat,

time and temperature of heating, frequency of heat treatment (i.e., inter-
mittent or continuous heating), surface to volume ratio, and the presence
of food, moisture, prooxidants or antioxidants in the fat (Perkins, 1976;
Alexander, 198l; Gere, 1982). It has also been suggested that the,
positional distribution of fatty acids in the triglycerides may have ;ﬁ
influence on the relative rates oé\oxidation of fats (Lau et al., 1982;
Wada and Koizumi, 1983).

The principal reaction pathways which occur under thermal oxida-
tive conditions are believed to be the same as those which occur under
autoxidative conditions, i.e., via the formation and decomposition of
hydroperoxide intermediates (Nawar, 1985). At elevated temperatures,
however, hydroperoxide decomposition is extremely rapid, resulting 1n
relatively complex decompégition patterns with less predictability of

)
products as compared to when autoxidative reactions occur (Nawar, 1985).

The basic mechanisms fof hydroperoxide formation from unsaturated fatty
acids under eutoxidative conditions, have been reviewed\(Frankgl, 1980;
Frankel, 1984).

Saeturated fatty acids are considerably more stable towérd ox;da—
tion than are unsaturated fatty acids. However, when the temperature is
raised beyond 1509C, satursted fatty acids are' subjsct to oxidative as
well as thermal degradation (Brodpitz et al., 19688;. The thefﬁ#&,
oxidation of saturated fatty acids‘is dealt with in more detail in another
section.

With unsaturated fatty acids, the predominant thermolytic reaction

products are dimers, higher oligomers and cyclic compounds. = When heating
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occurs in the presence of air, oxidative reactions become suderimpgsed
resulting in polarity differences .in these ma;erials due to the presence
of hydroxyl, carbonyl, epoxide, and other oxygen-containing groups as well
as ether and peroxide bridges (Ottaviani et al., 1979). Unlike the )
polar dimers and cyclic monomers which have been shown to be relatively
toxic (Ohfugi and Kaneda, 1973} Iwacka and Perkins, 1976 and 1978),
polymeric materiai of relatively high molecular weight, is not considered
to be toxic since 1t ié not absorbed by the body (Michael et al., 1966;
Nolen et al., 1967; Poling et al., 1970). The formation of polymeric
material is, howeveb,ﬂjmportant since these materials darken the colour‘of
the oil and increase lté 5130031ty. In addition, since polyunsaturated
fatty acids are preferentially consumed 1n polymerization reactions
(Pokorny et al.,“l976b), their content in the oil is reduced (Gere,

1982; Thompson and Aust, 1983). - -

N 4. CHARACTERIZATION OF POLYMERS FROM MODEL SYSTEMS OF

FATTY ACID ESTERS AND GLYCERIDES

Separation and characterization of polymeric materisls derived
from heated oils 1s diFF;cult. If one considers the variety of fatty
acids in the oil, their different degrees of unsaturation, the variety of
positional arrangements of the triglycerides, the numerous points where
oxygen may attack the molecule, and the multiple routes of hydroperoxide
breakdown, it is obvious that a multitude of chemical compounds may be

formed. Furthermore, the dynamic nature of chemical cﬁanges thst occur



during thermal oxidation means that any products which are isolated will
generally reflect only the situation at the time of sampling and the study

is limited to the compounds most amenable to separation. Ffor these

reasons, most of the information about the types of products which could |
be expected when fats are heated come from studies of pure triglycerides !

or fatty acid esters.

4.1 Dimers

Dimeric polymers have been identified as a major component of the
nonvolatile products which are formed 1n thermally oxidized fats.

Catalysts which are important in dimerization reactions, are those which

R

generate free radicals such as ultraviolet light, peroxides, and metals
(Evans et al., 1965). Considerably more information has been obtained
about the structure of purely thermal polymers (i.e., those which are
formed in the sbdence of oxygen), than polymers that are formed under
oxidative or thermal oxidative conditions. Thermal polymerization
reactions have been used commercially in the production of dimerized fatty
acids such as those found in drying oils used i1n paints and coatings
(Johnson, 1979). As early as 1929, Scheiber postulated that the isolated
double bonds of polyunsaturated fatty esters, conjugate prior to their
dimeriZationjduring polymerizat}on reactions (2009C - 3009C) in the
sbsence of oxygen (Johnson, 1979). In 1933, Kappelmeier proposed a
Diels-Alder mechanism to explain the polymerization reactions that take
place between conjugated esters and non-conjugated esters (Johnson, 1979).
Wnheeler and White (1967) used mass spectrometry to show the pre-

~sence of monocyclic, bicyclic, and tricyclic dimeric structures when
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methyl linoleate was heated (290°C) in an evacuated tube for 48 h. The
authors proposed that the monocyclic dimer forms as a result of isomerize-
tien of the non-conjugated ester to the conjugated ester which then dimer-
izes with a second linoleate molecule by a Diels-Alder mechanism. The bi-
cyclic structure was though{ to result from a hydrogen transfer free radi-
cal coupling mechanism followed by rapid intramolecular cyclization; the
tricyclic dimer was formed from intramolecular alkylation of bicyelic
structures.

Other researchers have suggested that the Diels-Alder mechanism is
favoured when linoleic acid is the substrate but;that a free radical
mechanism 1is mostvlikely operative when oleic acid is degraded thermally.
According to the latter mechanism, a transfer of a hydrogen radical from
one molecule to another forms two organic radicals thast combine to form
either an acyclic dimer or a six-membered ring (Johnson, 1979).

Figure 1 gives some possible structures of thermal dimers; this
figure gives only one of the many isomers that are possible if chain
length, double bond position and the orientation of the hydrocarbon and
ester chains on the ring are ignofed.

Figge (1971), using radiotracer techniques, studied the mechanism
and kinetics of formation of dimeric fatty acid methyl esters %rom a
mixture of methyl oleate and methyl cis, cis-linoleate (14:86 w/w) st
2809C (vacuum, for 72 h). The author concluded that the formation of
dimeric fatty acid methyl esters under theréal conditions proceeded
predominent%y between like esters with the methyl oleate and methyl

linoleate reacting with each other only to a limited degree. The rate of
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~ CH3(CHp) gCH(CHy)7 COOH

CH3(CH5)7CH=C(CH5)7CO0H

(a)
C'IOOH
(CH2)g
(CHq)g COOH *
CH=CH(CH3)4CHs
(CHy), COOH .
i
(CHj)
’\CH_3W 2/7
(b) (CH2)7 COOH
CH3(CH2)4 .
(CHj)y,.
|
CH,

(c)

Fig. 1. Some structures of thermal dimeric acids;
(a) acyclic dehydrodimer, (b) monocyclic
and (c) bicyclic. (From Johnson, 1979)
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formation of methyl linoleate - methyl linoleate esters was greater than
that of methyl oleate - methyl oleate esters. By the use of silica gel G
layers 1mpregnated with silver nitrate (10%), Figge observed that methyl
oleate and methyl cis, cis-linoleate tended towards an isomerization
equilibrium with methyl elaidate and an unknown isomer of methyl linoleate
respectivély. Whether cis or trans i1somers were consumed preferentially
in the dimerization reactions could not be ascertained.

Dimets Qrepared’by oxidation have a greater relative polarity than
do thermal dimers due to the presence of hydroxyl, carbonyl, and other
oxygen containing groups. These polarity differences can be used as a
basis for differentiating between oxidative ‘and thermal dimers (Evans et
al., 1965). When heat is applied during oxidation, polymerization re-
actions become very complex, not only through free radical feactlons of
the decomposing hyéroperoxides, but by simultaneous formation of thermal
dime?s and through combinations of different active monomeric msterisls,
many of which contain oxygen (Evans et al., 1965).

° . Fatty acid hydroperoxides are effective catalysts for free radical

polymerization or they may themselves take part in the polymerizetion re-

~action. The temperature of oxidation and the environment of peroxide

breakdown appear to be important factors that determine the role of hydro-
peroxides in polyﬁerizatlon reactions and are most likely responsible for
the diversity of results that are reported in the literature.

Frankel and his co-workers (1960) noted that when methyl linoleate
hdeoperoxides were decomposed by hesting at 210°C for 15 min under

nitrogen, there was a linesr relationship between the concentration of
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hydroperoxides and the yield of dimers. They concluded thst only the
hydroperoxides perticipate in the polymerization reaction; the\dimers were
linked by a C-C bond and contsined 1 mole hydroxyl, 0.5 mole carbonyl, two
double bonds and perheps some epoxide or intramolecular peroxide per mole
of dimer. There was no evidence to suggest ajigf:membered cyclic struc-
ture and they postulated that the homolytic c}%avage of the hydroperoxy J//i
group to alkoxy and hydroxy radicals was resﬁbnsible for the observed re-
actions. These results are in contrast to those of Williamson (1953);
this author showed that the dimer formed during thermal decomposition of‘
methyl linoleate hydroperoxides in the presence of excess methyl linoleate

(100°C, 23 h, under nitrogen), arises from the union of two methyl

‘linoleate molecules joined ﬁy a C-C bond. Williamson suggested that the

hydroperoxide acted as an initiator of the free radical reaction. Latefﬂ
Mounts et al. (1970) who used radicactive tracer techniques showed that
q%mérs were produced from one molecule of methyl linoleate and one mole—
cule of methyl linoleate hydroperoxide. In this study, a mixture of
methyl linoleate hydroperoxide (5%) and methyl linoleate was decomposed by
heating at 210°C (10 min, N2). The extent of ester-hydroperoxide
interaction was determined by considering the specific activities of the
dimers formed when 14C-labelled hydroperoxide was decomposed with methyl
linoleate; unlabelled hydropefbxide was also decomposed with 14¢-1 abel -
led linoleate. This diversity of results may be due fo the different
temperature condifions and the amount of hydroperoxide relastive to methyl
ester in the reaction mixture.

Pokorny et al. (1976a) showed that free carboxyl groups of fatty

acid hydroperoxides act to increase the rate of reaction and thus may
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themselves participate in the polymerization reaction. These workers

" heated mixtures of butyl’ oleate hydroperoxide and palmitic acid (10:90 or

50:50 ratio) under nitrogen, at temperatures ranging from 600C to
lZUOﬁff:The decomposition qf butyl oleate hydroperoxide in palmitic acid
followed first order reaction kinetics whiéh 13 contrary to the reaction
of lO%‘Qutyl ol?ate hydroperoxide in butyl palmitate or butyl oleate which
Followed\gecond order kinetics. The activation energy of the hydroper-
oxide decombosition was‘ZO.a kJ/mole in the medium of palmitic acid and
remained constant within the temperature range that was studied. The
proportions of oligomers increased slightly with increasing reaction
temperature and decreased with increasing concentration of hydroperoxide.
This suggested that the decomposition of hydroperoxides proceeds mainly by
a monomolecular homolytic cleavage (ROOH ——— RO. + .0H). At higher
temperatures, however, the decomposition of hydroperoxides also proceeds
by the formation of esters with fatty acid. These compounds can then
react yith other fatty acid molecules to form di-esters and higher mole-
cular mass products as shown in Figure 2. This mechanism would suggest
the presence of C-0-C bonding between fatty acids in dimeric end trimeric
structures formed by this route at temperatures betwéen 60°C to
1200cC.

It is generally believed that dimers form under autoxidative

conditions only after considerable degradation has occurred (Chang and

' Kummerow, 1953), or when heat is spplied. Miyashita et al., (1982) have

shown, however, that dimers are formed from methyl linoleate during the

—

initial stages of autoxidstion (after 24 h at 30°C with aeration).
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"'CH CH=CH- + R~ COOH———> "CH CH= CH-_

OOH - O 0-CO-R
_ H / ++H,0
=CH—-CH- C— .
0-0-co-F
C
-CH—lCH-CH- * =CH-CH-CH-

, Nl e U
I 0 +R'-cOOH 9@ O OH

0-COR ] !
COR COR'
DIMERIC TRIMERIC
- STRUCTURE STRUCTURE,

Fig. 2. The effect of the free carboxyl group on the
decomposition of lipid hydroperoxides
(From Pokorny et al., 1976a)
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Under these conditions, most of the dimers were linked through -C-0-0-C-

bonds (peroxide linkages) and cantained hydroperoxy and/or carboﬁyl groups

.and conjugated dienes. Thus dimers linked through peroxide linkages could

be characteristic of autoxidized oils.

Perkins and Wantland (1973) sub jected synthetich-lxnoleyl—Z,
3-distearin to thermal oxidation (200°C, 24 h in the presence of air).
They idehtified both noncyclic dehydrodimers and Diels-Alder dhmers in the
polar fraction.

Chang et al. (1978) used simulated deep-fat frying conditions in
their study of the nonvolatile degradation products of pure trilinolein,
triolein, and tristearin. After the heat treatment (1852C, 74 h with
periodic i1njections of steam), trilinolein yielded 26.3% non-urea-adduct
forming (NUAF) esters, triolein yielded 10.8% and tristeasrin yielded 4.2%
of the NUAF esters: Ffurther analysis i1ndicated that polymers were formed
from all three triglycerides,‘ The polymers were essentially dimers and
trimers; only trilinolein, however, yielded a fraction characterized as a
cyclic dimer (Table 4). The study indicated that thermal oxidation of
tristearin yielded dimers and trimers.) There was also a change (0.0 to
0.5) in igdipe value and this indicated that some dehydrogenation of fatty

acids occurred.
A
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Table 4. Estimated Composition of Oxidized,and Polymérized Materials
Fowmed During Simulated Deep Fst Frying at 1859C for 74 h

(Cheng et al., 1978) ~

Structure Trilinolein Triolein Tristearin

-, (%) (%) (%)
Cyclic dimers joined by 4.90 0.00 0.00
C-C bonds -

&
Non-cyclic dimers joined . 2.80 3.40 0.70
by C-C bonds
Trimers joined by two N 8.40 0.30 0.36
C-C bonds
Dimers or trimers joined 4.90 6.20 1.20
wholly or partly by C-0.
linkages o
. & ,

Although most studies have concentrated on the degradation of long
chain unsaturated acids, a few reports have been published on the thermal
oxidétion of short chain mono-unsaturated acids; interest in these acids
stems from their potential importance as intermediate products in Frying. -
oils which themselves can undergo further degradation. Whitlock and Nawar
(1976 a and b) presented some evidence for the presence of. C-C \linked
dehydrogimers in the nonvolatile ‘fraction obtained from ethyl 3-hexenoate,

methyl 3-hexenoate, methyl 2-hexenoate, 3-hexenoic acid and 3-octenoic

o

acid that had been subjected to thermal oxidation (150°0C, 6 h, with

aeration). The authors used a capillary column (152 m X 0.4 mm carbowax

20M) and were able to pertially separate the dimer fraction into three

.
&



peaks, which®were believed to be ;;omgrs of the same structure. The epoxy
esters were another important group of compounds which was isolated only
when the esters were degraded. The fact that they are very reactive and
decompose readily, explsains thgir absence among tﬁe products Tormed from
the free acids. Yo,

Gilbert et al. [(1981) demonstrated that epoxides also take part
in dimerizaéion reactions. The authors confirmed that dimeric epoxy yétty

acid methyl esters were formgd when epoxy acid methyl esters wezf’ﬁééted

(170°C for 5 h under N). In each experiment, the mass spectra

—
o

suggested a mixture of four positional 1somers, each containing an ether
bridge linking a pair of fatty acid methyl esters across the carbon

chains, with a keto group on a carbon adjacent to the bridge on one of the

esters (Figure 3). ) #

4,2 Cyclic Monomers P
\ —
Cyclic monomers are an important class of nonvolatile thermal

oxidation products because of their potential toxicity (Iwasoka and ~
Perkins, 1976 and 1978f. Among the many cyclic mongmers which have been
isolated from heated fats, the most common are the 18-carbon disubstituted

()
cyclic fatty acids which have the general structure shown in Figure 4. A

possible mechanism for the formation of this cyclic monomer from linolenic
acid (Gente and Guillaumin, 1977) is given in Figure 5.
Michael (1966a) gave information on the 1solation and charscteriza-

tion of aromatic cyclic monomers which were formed when methyl linoleate

was heafed (2000C, 200 h) in the presence of air. The aromatic products

4
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Fig. 3. Some possible isomeric structures for
dimers formed by heating methyl 9, 10-
epoxyoctadecanoate. (From Gilbert et al., 1981)
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: x+y=10

Fig. 4. A general structure for 18-carbon
disubstituted fatty acids.
(From Gente and Guillaumin, 1977)
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/N
(CH,), COOH (CH3), COOH
Fig. 5. A mechanism for the isomerization, cyclization and

aromatization of linolenic acid. (From Gente and
Guillaumin, 1977)
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L2 , were showneto be methyl esters of w (o-alkylphenyl) alkanoic acids
‘ éontaining 18 carbgps. A possible mechanism for the formation of these
aromatic cyclic esters (Figure 6) involves abstraction of hydrogen at
allykic positions and 1ntramolecq£pr free radical to double bond addition.
Michael (1966b) proposed the structure shown in Flggre 7 for a Cl8
nonaromatic cyclic monomer formed from methyl linoléate. A :2ngle
mechanism to describe the formation of this compound has not been estab-
lished; Michael, however, suggested a free radical allylic proton extrac-
tion, randomization of double bonds, and ring closure.
The formatio;%oé cyclic monomers from methyl oleate has not been
reported (Paulose and Cheng, 1978; Lercker et al., 1978). This might

suggest that cyclic monomets are characteristic of dienoic and trienoic

3 fatty acids only.

. 5. CHARACTERIZATION OF POLYMERS FROM THERMALLY OXIDIZED DILS

Neudet (1977) gave a quantitative estimate of the amounts of the
various nonvolatile degradation products in thermally oxidized palm,
peanut, soya, and sunflowerseed oils, although the heating conditions were

not reported. Table 5 summarizes the results of this experiment.

b/
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Fig. 6. A possible mechanism for the formation of aromatic C-18

esters from methyl linoleate. (From™Michael, 1966a)
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A nonaromatic cyclic monomer, where n= 2-5,

., m=5-8 and n+m =10. The position of the

double bond in the ring has not been defined.
(From Michael, 1966b)
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~Table 5. Concentration (%) of Thermo-Oxidative Degradation Products
in Four Oils (Naudet, 1977).

Structure 01l
Palm Peanut Soya Sunf lower

Cyclic acids - 0.15 0.15 0.20 0.15
Dimers 0.60 0.80 1.60 1.60
Estolides 0.40 0.80 0.30 0.40
Dimers (ether) 0.90 1.60 1.70 2.60

’ Oxymonomers - 1.40 2.80 1.80 1.70
Oxypolymers 0.70 1.10 1.30 1.70

—~—
-

Ottaviani et al., (1979) and Naudet (1977) characterizeq the nonvolatile
products which were formed in soybean 0il which had been heated (220°C)

in air for 30 min per day over 14 days. The methyl esters of the
saponifiable products were separated into five fractions and characterized
as follows: (i) nonpolar (85% to 95% of the total esters), i1ncluding
normal acids and small quantities of cyclic (saturated and unsaturated)
aromatic acids; (ii) very slightly polar, including mainly dimers (cyclic
and noncyclic) with C-C bonding, and estolides (Figure 8); (iii) slightly
polar, including a complex mixture of monomers, dimers, and limited
amounts of trimers and tetramers, all with the common characteristic of an
ether bridge (Figure 9); (iv) very polar (normal moletular weight),
including oxyacids and from monomers to tetramers con;eining hydroxyl,
carbonyl, epoxide and peroxide functions, isolated or associated; (v) very

polar (elevated molecular weight), including primarily oxypolymers with

C-C, ether, peroxide, and epoxide bonding.



CH3~(CHg)4 ~CH=-CH=CH—CH=CH=(CH4)7CO0CH;

CH3=(CHap)y =CH=CH=CH=CH=CH-(CH,)7CO0CH,
(a)
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Fig. 8. Non-cyclic (a), estolide (b) and cyclic (c‘)udimer structures.
(From Ottaviani et al., 1979)
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Fig. 9. Dimer structure with an ether bridge (a) and a
tetrahydrofuran cyclic dimer (b). (From

Ottaviani et al., 1979) o K
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Gente and Guillsumin (1977) found thatgthe amount of cyclic
monomers formed in heated oils depended on the linolenic acid content,
temperature, and atmd%pheric conditions. Heated oils (240°C, 10 h in
air) which were low in linolenic acid (less than 20%) contained 0.2 - 0:3%
cyclic monomers. - When the oils were heated at 275°C under nitrogen, the
amount of cycl}c monomers increased substantially. Linseed oil (linolenic
acid content of 55.2%) contained 0.9% cyclic monomers when 1t was heated
at 220°C in air for 20 h, 1.4% cyclic monomers when it was heated at
2400C in air for 10 h, and 4.95% cyclic monomers when it was heated at
2759C under Nz for 12 h. Meltzer et al. (1981) detected cyclic
;cids EO.}% to 0.6%) in heated (195°C for 52 - 104 h) soybean o1l under
both continuous and intermittent heating conditxon;."Fresh oils, prior to
lieating, have been shown to contain very small amhunts of cyclic monomers
(0.1% to 0.2%), probably as a result of previous processing and refinement
(Guillaumin et al., 1977). In a recent study by Frankel et al.

(1984), vegetable fat and oil samples from food outlets in both the United
States and the Middle Ea§t (Israel and Egypt) were analyzed for their
éontent of cyclic fatty acid monomers. The samples from the USA contained
from 0.1% to 0.5% cyclic morbmers and from 1% to 8% polar plus noneluted
mgterials; the samples from lérael and Egypt had values for cyclic

onomers ranging from 0.2% to 0.7% and polar materials ranging from 2% to

’

22%. ‘
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6. THERMAL OXIDATION OF SATURATED FATTY ACIDS

Saturated faqtyigpids or their esters are relatively stable to
oxidation at low temperatures (less than 609C). As the temperature is
increased to 150°C, oxidation occurs but at a slower rate than with
unsaturated f;tty acids (Brodnitz et al., 1968a). Consequently, fﬁe}hai
oxidatién of saturated fatty acids has not been studied eéJextensively as
have the mono and polyunssturated fatty acids. The papers which have

ol

appeared in the literature have reported mainly on the volatile —

degradation products. —

Chang et al. (1978) provided some evidence for the presence of’
polymeric compounds in pure systems of saturated fatty acids which were
subjected to thermal oxidation. The authors reported that noncyclic
dimers which containéd C-C bonds (0.70%), dimers and trimers which con-
tained C-0 linkages (1.2%), and trimers which contained C-C linkages
(0.36%), were formed when tristearin was heated under simulated deep fat
frying conditions (185°C, 75 h, periodic injections of steam).

It has been suggested that the introduction of unsaturation into

Y

the saturated fatty acid molecule by dehydrogenation is the first step in’

the thermal oxidative deterioration of saturated fatty acids (Ramanathan

,

et al., 1959; Endres et al., 1962; Chang et al., 1978). This was

evidenced by an increase in iodine value and evolution of hydrogen during

thermal oxidation. Subsequent attack by oxygen at the double bond,
formation of hydroperoxides and decomposition is believed to follow &hew

samg route as it does with monounsaturated acids.

<.
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Crossfey et al. (1962) and Endres et al. (1962) rgported that
the major oxidative products of satursted triglycerides include a -
homologous series of carboxylic acids, methy] ketones and alkanals. Selke
et al. (1975) added alkanes, alkenes, alcohols and gammalactones to this
list. - .

.. There is a difference of opinion among different investldqtors as
to the pPeferential position of oxygen attack. Although oxygen attack can
océur at all of the methylene groups of the fatty acid, several workers
have suggested that oxidation occurs preferentially at the positions where
tﬁe fatty acids are linked to the glycerol backbone (Crossley et al.,
1962; Endres et al., 1962; Jewedl and Nawsr, 1980) since the dominant
oxidative products had chain lengths near or equal to the psrent fatty
acids. Convers;ly, Brodnitz et al.k(l968 a and b) and Selke et al.

(1975) suggested that oxygen attack toward.the center of the molecule was
favoured. Ramanathan et al. (1959) observed that methyl stearate was
more susceptible to oxygen attack than was methyl laurate. Ihi; suggests
that the chain length og saturaéed fatty acids influences their suscepti-
bility to oxidation. v

Endres et ;l. (1962) showed that hydrolysis of the ester lipk in
the triglyceride molecule occurs during thermal oxidation of saturated
fatty acidg; this may be followed by oxygen attack on the products of
hydrolysis as shown.above. Noble et al. (1967) noted s trend towards _-

selectivity of hydrolysis in favour of the shorter chain and unsaturahgd

»

acids.
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Witchwoot et al. (1981) noted that when tfilaurin, Eficaprin or
trimyristin were heated in the presence of ethyl linoleate, the volatile
degradation products contained no volatiles which could be ascribed to the
saturated triglycerides. A similar observation was made by Selke et al.
(1980) when mixtures of tristearin and trilinolein were thermallv oxidi-
zed. Thése results suggest that unsaturated fatty acids inhibit the oxida-
tion of saturated chains; this cou}d be because free radicals are more

likely to abstract hydrogen preferentially from the pentadiene system of

linoleate. This inhibition by linoleate could be limited éo oxidative

' degradation as noted by CrnJgF et al. (1981) who reported that the

ﬁresenée of unsaturation did not have a marked influence on nonoxidative
reactions of the saturated system. Selke et al. (1977) also reported a

difference between polyunsaturation and monounsaturation. When tristearin

was heated with triolein, decomposition products of stearate were

detected.
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CHAPTER III

-

PHYSICAL AND CHEMICAL CHARACTERISTICS OF BUTTERFAT

®  FRACTIONS OBTAINED BY CRYSTALLIZATION FROM MOLTEN FAT

o
[+
b

1. INTRODUCTION

Among all of the naturally occurring fats, butterfat is the most
varied in its chemical and physical characteristics. -Patton and Jensen
(1975) listed the presence of 437 different fatty acids in butterfat; they
comprised normal, 1so and anteiso monobranched a%d multibranched
seturqtes, cis~ and trans-monoenes, dienes, polyenes, keto, hydroxy and
cyclic f;tty acids. Because of this great variety of fatty acids, & large
number of different triglycerides can be formed; consequently, the melting
and crystalli;atiag of butterfat occurs pver 'a wide temperature range.

The unique character of butterfat; however, can be considered to be a
shortcoming when compared to tée wide range of specialty vegetable Fats:M

and oils which are available to the food-fat industry. One way to

over-come this shortcoming is to modify the butterfat by fractionation to

produce products which differ markedly from one another in chemical and

physical characteristics and which are suitable for use in specific foolf -
industries. Proposed food applications for butterfat fractions have
included the following: (i) the incorporation of a low-melting fraction
into milk powder to improve reconstitutibility (Baeker et 91., 1959

Schaap and Van Beresteyn, 1972); (ii) the use éf low-melting fractions to

]
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make normal buttfe}* softer (McGillivray,ul972; Larsen and Samuelsson,
1979); (iii) i;he‘use of high—melting fractions as shortenings for p;ff
pastry and french rolls (Schaap and Kim, 1981); and (iv) the substitution
of cocoa butter in confectionary products by high—-melting fractions of

butterfat (McGillivray, 1972). N

Fractionation of butterfat can be made either by crystallization
of the fat digsolved in an organic solvent such as acetone or alcohol
(Chen and de Man, 1966; Colombini et al., 1979; Carsen and Samuelsson,
1979) or by direct cooling of the melted fat folloWed by} separation of the
crystalline matter from the liquid oil by filtration or centrifugation
(de Man, 1968; Black, 1973 and 1975; Schaap and Rutten, 1976; de Man and
Finoro, 1980; Badings et al., ul983 a and b). Although recrystallization
from solvents yields a more distinct separation between crystalline and
liquid fractions, the latter me:thod is preferred for food industry
applications because of (a) flavour and toxicological problems that may
result from solvent residues; (b) the high {::ost of solvent recovery, and
(c) the possibility of destruction of desirable aroma components and
vitamins. The main technological problem in the fractionation of
butterfat without the use of solvents has been the separation of the
crystals from the liquid fraction. The cooling temperature ard the r'ate
of crystallization strongly influence the composition, quantity and ;iZe
of the fat crystals. Several investigators (de Man, 1968; Black, 1975;
Schaap and Rutten, 1976) have shown that large crystals which are obtained
by a slow cooling rate and with slow agitation are more easily filtered .

The products which were obtained in experiments involving butter-

fat fractionation using molten fat have been characterized (de Man and

~ \
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Finoro, 1980; Badings et\al., 1983 a and b). The procedures which were
used, howéver, would be impractical on an industrisl scale.n This study
was undertaken to characterize butterfat fractions which were obtained in
the laboratory using a procedure which clésely resembles that us?d in the
Tirtiaux industrial fractionation process (S.A. Fractionnement Tirtiaux,
Belgium). The Tirtiaux process is based on a slow controlled cooling of
the oil, a shoét stabilization time at the fractionation temperature
followed by separation of the crystals on a continuous vacuum filter

equipped with a stainless steel perforated belt as the filtration support

(Tirtiaux, 1983). Characterization of the chemical and physical

.properties of fractions obtained by this procedure should aid in defining

[}

possible uses of these fractions in the food industry.

Both summer and winter butterfats have been fractionated. The

results of analyses (fatty acid and triglyceride analyses, thermal examina-

tions by differential scanning calorimetry, melting point, iodine value
and peroxide value) of the various fractions are reported in this chepter.
The thermal oxidative stability of these fractions in comparison to those

of selected vegetable oils will be reported in subsequent chapters.

2, EXPERIMENTAL

<«

2.1 Anhydrous Butterfat 0 .

t

Anhydrous butterfat was prepared from fresh butter (Cooperafive

.Agricole de la Cote Sud, Quebec) by melting the butter at 60°9C, removing

o
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the top oil layer, filterinc_';"the 0il through glass wool and drying the

resulting product over anhydrous sodium sulfate. The oil was then '
refiltered (vacuum, Whatman 41 paper), flushed with nitrogen and stored st

-200C until it was fractionated. - .

2.2 fractionation Procedure

g 4

Anhydrous butterfat was fractionated ac%}rding to a standardized
batch procedure at 29, 26, 23 and 199C for winter (January) butterfat
and 29 and 199C for summer (September) butterfat. Preliminary experi-
ments 1ndicated that at temperatures above 290C, the;.yields of solid fat
were very small; hence, the eroducts were not used in the present study.
Below 19°C for winter butterfat and 179C for summer butterfat, the
solid fraction was massive and the liquid fraction could not be separated
readily.

The crystallization equipment consisted of a Hobart mixer equipped
with a flat beater at’tachment and a bowl (12 1 capacity) which was
modified to include a water jacket. Temperature control of the bowl was °
accomplished by using a Haake D1 circulating water bath and an EK 12
cooling unit. Both the bowl and the butterfat were preheated to 60°C
end then 1.5 1 of the molten butterfat was transferred to the bowl. As
soon as the oil was added, the cooling unit was turned on and the
temperature control of the circulating water bath was adjusted to 2-30C
below the,{fractionation temperature. The o0il was cooled slowly to the
f’ractiona‘tion temperature with continuous agitation (20 rpm). The length

of the cooling period varied depending on the final fractionation’
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temberature, the proportion of crystallizable fat and the heat of
crystallization. After 4 hour; of total cooling and heéting time, the
solid crystals were separated from the liquid o1l by filtration (14 mesh
stainless steel filter{ Tirtiaux, Belgium) using vacuum (50~100 mbar below

™ atmospheric pressure). The solid and liguid fractions were weighed and
the perc?ntage yield of each fraction was calculated. The fractionation
procedure was replicated three times at each temperature.

1

2.3 Fatt; Acid Aﬁalysxs
]he fatty acid composition of each fraction was determi&ed’after

conversion of the Fafty acids into the corresponding methyl esters by a “
u modification of t#e method of Christopherson and Glass (1969). A portion

of the anhydrous lipid sample (200 mg) was placed in a vial (7 ml), and

petroleum ether (2 ml) was added to dissolve the sample. Sodium methoxide

solution (0.1 ml; 2 N NaOCH3 1n anhydrous methanol ) was added, and the

contents of the vial were mixed (1 min) using 8 vortex mixer. After

sedimentation of the sodium glycerolate, a portion of the clear

supernatant was dissolved: in hexane (1 part supernatant to 100 parts

o
hexane). An aliquot (0.2 ul) of the hexane solution was 1njected into a

fused silica capillary column (30 m x 0.32 mm ID) coated with 5P-2340

-

(Supelco Inc., Canada) (0.2 pm). The column was placed into a Verian 3700
gas chromatograph equipped with a flame ionization detector and a cold
on-column injector. The oven temperature was programmed from 50°C to

1609C (59C/min) after a l-min hold at 50°C. The carrier gas (helium)
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flow rate was 1.5 ml/min. The injecior temperature was programmed from
700C to 200°C (100°C/min), and the detector temperature was

maintained at 210°C. Correction factors were determined by analysis of
a standard mixture of fatty acid methyl eééérs (Nu Chek Prep, Elysian,

Minnesota) having a composition which resembled that of an average

butterfat sample.
2.4 T¥riglyceride Anelysis

The triglyceride composition was determined by dissolving
approximately 15 mg of the anhydrous butterfat or butterfat fraction in 6
ml of hexane and injecting an aliquot (0.2 ul) i1nto 8 bonded phase fused
silica capillary column (DB-5, 0.1 pum; 15 m x 0.32 mm ID; J&W Scientific
Inc., Rancho Cordéva, California). The same gas chromatograph was used
as for fatty acid analyses. The oven temperature was programmed in two
stages as follows: first, from 500C to 240°C at a rate of 259C/min,
and then from 2409C to 350°C at a rate of 39C/min. The 1njector
temperature was programmed from 70°C to 330°C (100°C/min), and the
detector temgératuge was maintained at 3500C. The carrier gas was
helium (1.5 ml/min). Identification of the major groups, of triglycerides
according to carbon number was made by comparison of retention times to
those of standard mixtures of simple triglycerides from C18 to C54 (Nu

Chek Prep, Elysian, Minnesotaf.
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2,5 Differential Scanning Calorimetry (DSC)

Crystallization and melting curves Qére recorded using a heat flow
differential scanning calorimeter (Mettler TA 3000, Mettler Instrument
Ltd., Switzerland), calibrated with indium. A sample (20-30 mg) of fat
was placed in an aluminum crucible; .he crucible was covered with a
pierced 1id and sealed. The measuring cell was purged with nitrogen gas
(50 ml/min) during the analysis. The samples were treated as follows:

(i) heating at 80°C for 10 min to destroy the structure that was
assocliated with thg‘previous thermal history; (ii) crystallization over

the temperature range 809C to -400C (rate of cooling, 109C/min,

using liquid sir); (iii) fusion of the crystals formed by heating over the

temperature range -40°C to 80°C (rate of heating, lOf’(Z/min).c The
relative percentages of liquid fat as 8 function of temperature were
determined by integration of the DSC melting curve of the fat sample using

a Mettler TC 10 date processor.

2.6 lodine Value

Iod}ne values were determined by the Cd 1-25 method of the
American 0il Chemists' Society (AOCS, 1980). The titrations were

performed by the use of a Mettler DL 40 RC Memo Titrator (Mettler

Instrument Ltd., Switzerland).
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G

2.7 Melting Point - , .

a

‘Melting points were determined by the C¢ 1-25 met:aho(d of the

Americen 0il Chemists' Society (AOCS, 1980). ( : .

A

2.8 Peroxide Value

) o
o

- Peroxide values were determined by the Cd 8-53 method@ of the

o

%  American 0il Chemists' Society (AOCS, 1980). -

[

‘ 4
. . 3 o

2.9 Statistical Analysis

o

ES

Analyses of variance were perféormed on the mean values (3
replications x 2 duplicates) of thea following: major groupings of f‘at;jy
acids; iodine value data; melting point data and percentage liquid —
fraction data. Where significant differences were noted, Duncan's
Multiple Range test was used to determine which samples were signlfhicantly
different. The analyses were performed using the McGill University System

- for Interactive Computing (MUSIC) and the Statistical Analysis System

(SAS).
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3. RESULTS AND DISCUSSION

3.1 VYield of Solid Fractions and Percentage of Liquid 0il in the

Fractions ,

i t

Table 6 shows the résulgs,of two experiments (three replications)

in which fat obtained from butter produced (a; during the wipter months
and (b) during the summer months was fractionated. bThe Llnter butterfat -
was fractionated at 29, 26, 23 and 199C to obtain a solid (5) and liquid
(L) fraction at each temperature; sumperhbutterfat was fractionated at 29
and 199C. The largesk variations 1n yield of solid between replicate
runs were observed for the 299C' winter and summer fractions and the
230C winter fractions. These differences could be related to
differences .in the amounts of liquid oil in the solid fractions (Table 6).
The percentage of liquid oil in the solid and liquid fractions was
det?rmined by differential scanning calorimetry (DSC). The values for the
solgd Ffacti;né ranged from 38.2% to 52.3% for the fat from winter butter
and from 36.2% to 48.8% for the fat from summer butter (Table 6). Results
from the corresponding liquid fractions showed that they contained éﬁgroxl-
mately 2-6% of solid contaminants (Table 6). These could arise from

af

resolubilization of solid crystals during the filtration step which was

°

conducted at room temperature. Badings et al. (1983 a and b) measured

o

the percentage of liquid oil in solid fractions obtained by stepwise

Y
A2

crystallization of melted butterfat. They reported values ranging from

63.4% to B83.8% based on the distribution of carotene between the cake and

the filtrate.

>
.o



Table 6. Results of Butterfat fractionation By Cooling Ligquid fat.

o~

-

Replication 1 . Replication 2 Replication 3
Fractionation Cdﬁpqﬁitionz o Composition Cmeosition
" temperature  Yield (%) (% liquid: Yield (%) (% liquid Yield (%) (% liquid
Fractionl {(8C) " solid fraction in fraction) s@lid‘fraction in Fraction%&'solid fraction 1in fraction

{ -

Fat from winter butter

. 5-29 29 16.2 - 38.2 22.0 44.4 23.7 49.2
L-29 " 29 - 95.5 - 97.5 - ) 97.2
S-26 26 34.3 46.4 1.4 50.9 36.9 50.0
L-26 . 26 - . 96.3 - 96.8 - 2 96.2
5-23 .23 ’ 60.0 -52.3 . 55.9- 51.9 52,2 _50.2
L-23 . 23 - 97.8 .- 98.0 - - = T 97,7
S-19 19 . 62.6 - 48.8 60.8 47.8" 61.7 . 47.7
L-19 I9 - . 95.0 - ~ 95.0 - : 93.2

: ’ Fat from summer butter _
5-29 29 7 . 16.}) -41.6 13.6 6.2 15.0- ., 4l.6
L-29 29 . - - 96.2 . ~ - 96.8 - 96.6
S-19 19 53.9 | . 48.8. 53.9 - 48.4 ., 53.4 4B.4

L-19 19 " - ;o 95'§~‘ | ~ . 93.6 - 93.8

-97-

1 Fraction designation indicates physical state (solid, liquid) and fractionation temperature.
2 The % liquid in fraction was determined by Differential Scanning Calérimetry .(DSC). .

o
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3.2 ;Chemical Composition of Fractions

Table 7 shows that the iodine values varied from 24.70 to 33.07
-for the winter fractions and from 29.18 te 37.67 for the summer
‘fractions. This variation was greater than the variatépn in isdlne value
of the whole fats frbm winter and summer butter (30.26 and 35.78
respectively). -With the exception of fractions $-19 and 5-23 (fat from
winter butter), the differences in iodine value between the various
fractions 'and the whole butterfat from each season were significant
(p<0.05). ]

.. -<The peroxide values of the whole butterfat and the liquid frac-
tions obtained frqm this fat were measured to evaluate the effect of the °
various processing steps (separation of butterfat from butter, storage,
re-melting, érystallization and filtration) on the oxidstive stability of
the fracﬁions. In all instances, the peroxide values were found to be 0.0
meq O2/kg Faé.

fhe fatty acid compositioné of the whole fats (winter snd summer)

>

and their corresponding éractions are summarized in Tables 8, 9, 10 and\
11. For simplicity of presentation and statlstlcal‘analyses, the fatty
acids (about 40) which were determined have been grouped according to
similarities in melting behaviour. Unidentified peaks were combined in
the "other" qategory. It is noteworthy to mention that the procedure used
for fatty acid composition allowed for the determination of some
positional and geometric isomers of unsaturated fatty acids; in .70

particular, elaidic acid and both cis and trans vaccenic acid wer

identified. 4
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Table 7. Ilodine Values of Whole Butterfat and Butterfat fractions.

1 — _—

lodine Value

Experiment 1

Experiment 2

Frtliction (fat from winter butter)l (vf‘at from summer butter)l
5-29 24.70h (+0.95) 29.18¢ (+0.33)
5-26 \ 26.709 (+0.38) -

23 | - 27.78F (+0.25) ) -

5-19 27.94F (20.37) 32.800 (+.18)
Whole butterfat  30.26€ . 35.78¢

L-29 o 31.44d (40.06) . - 36.13b (+0.09) .
L-26 31.95€ (+0.05) - \ -

L-23 32.70P (40.12) -

L-19 33.078 (40.24) 37.678 (+0.02)

I Fractionation experiments were performed in triplicate at each temper-
ature; the analysis of each sample was performed in duplicate. Means in
each column with different’ letter superscripts are significantly different
at the 5% probability level. The deviation is the average deviation from
the mean of three replicate fractions, analyzed in duplicate.
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a

From the statistical analyses which were performed on the fatty

o 1

acid data (winter fractions; Tables 8 and 9), it will be noted éhat‘with
the short -chain saturates, medium chain saturates, -long chain saturptes
and cis unsaturates, the 29 and 199C f actibﬁs'(ﬁith the exception of:
frection L-29 vs whole‘butterfat) are significently different (p<0.05)
from each other and from the whole butterfat. This was not necessarily-
true for the 26 and 239C fractions. In all categories, the 5- and L-23
fractions were not significantly different (pSO.DS) from tpe S- and L-l?
(fractions, respectively. Similsrly, the L-26 fractions were not
significantly different from the L-29 fractions.
It will be noted from the results obtained with the fractions of
° summer butterfat (Tables 10 and 11) tghb-the 29 and l9°é’fr§ctions were
significpﬁtly different (p<0;65) from each other and from the whole
butterfat with reépect to short chain saturates, long chain seturates and i

'

cis unsaturates.

- -

In general, the shortlbhdin saturated fatty acids (C4:0 to Cl0:0)
M * K
were found in greater amounts in the liquid fractions, and the long chain

“
[

saturated fatt§ acids (Clé:1 to C20:0) were found in greater smounts in
_the solid fractions. The cis uns;turated fatty acids (Cl0:1 to C18:3)
followed the same trend as the short chain saturéted'fstty acids. This
réflected the similarities:in melting behaviour.o% these two groups of
fatty acids. As the fractionationStemperature decreased, the concentra-
tion ofkshort chain saturated fatty acids and cis unsaturated fatty
* acids in the liquid fracti&ﬁs increased. The trans 18:1 isomer, how-

ever, showed the reverse tendency. The trans 18:1 fatty acids, as a
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Teble 8. Fatty Acid Composition of Winter Butterfat and Solid Butterfat Fractions.

s

-

Methyl esters (Wt %)1

Whole winter

‘Fatty acids 5-29 5-26 5-23 5-19 but terfat
o Short chain, saturated 10.40d 11.47¢ < 12.08b 12170 . 12.978
(C4:0 to Cl10:0) .
Medium chain, - saturated 17.528 17.278,b 17.248,b 17.07b,¢c <16.86C
3 {C12:0 to C15:0) : o .
- Long chain, saturated 47.388 44,830 43,53C 42,90C - 40.65d
s (Cl16:0 to C20:0) : : .
cis, unsaturated 20.43d 21.96¢ 22.93b 23.18b 24,928
(C10:1 to C18:3) : “
. trans, unsaturated 1.468 1.438 1.478 1.558 1.558
= {C18:1) < - )
Other 2.818 3.048 2.748 3.138 3.048
trans 18:1 x 100 8.658 7.978,b 7.818,b 8.148,b

Total 18:1

4

7.58b

loFractibnation experiments were performed in triplicate at esch temperature, the analysis of

; ~each sample was performed in duplicate. Means in each row with different letter ‘superscripts

are significantly different at the 5% probability level.

€

-09-




)
v

- Table 9. Fatty Acid Composition of Winter Butterfat and Liquid Butterfat Fractions.

P

Methyl esters (Wt %)t
Whole winter -

Fatty acids butterfat L-29 L-26 L-23 L-19

Short chain, saturated 12.97d 13.34c,d  13.77b,c  14,298,b  14.848
(C4:0 to C10:0) N

Medium chain, saturated  16.842 16,490 16.46b 16.23b,¢  16.09¢
(C12:0 to Cl15:0) ' .

Long chain, saturated 40.658 . 38.89b 38.49b 37.50C 36.69d
(Cl6:0 to C20:0) . '

cis, unsaturated 24,924 26.50C€ . 26.89b 27.618 27.72@
(Cl10:1 to Cl8:3) ) ] o

trans, unsaturated 1.558b 1.648 1.30b - 1.3685b 1.4085b
(C18:1)

Other 3.048 3,128 3,128 3.018 3,258

trans 18:1 100 7.588 7.528 5.95b 6.050 - 6.23b

Yotal I18:1 8 > 0

-ls-

1 See Table 8 °
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' Table 10. Fatty Acid Composition of Summer Butterfat and Solid Butterfat

[4
t

Methyl esters (Wt %)1

Whole summer ’

Total 18:1

o

Fatty acids 5-29 5-19 _butterfat 1
Short chain, saturated 9.37¢ 11.100 11.828
(C4:0 to Cl0:0) E
Medium chain, saturated 15.888 15.788 15.44b
(C12:0 to Cl15:0)
Long chain, saturated 47.048 41.75b 39.47¢
(Cl6:0 to C20:0)
. cis, unsaturated 21.14¢ 24,73b 26.378
(Ci0:1 to Cl8:3) Q
trans, unsaturated 3,138 3.068 3.358
(C18:1) =
Other 3.448 3.588 3.558
trans 18:1 4 )pp 16,138 13.76b 14.06b

1 See Table 8

1
.

R
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Methyl esters (Wt %)!

Whole summer

Fatty acids butterfat L-29 L-19
Short chain, saturated 11.82¢ 12.95b 13.998
+(C4:0 to C10:0)

‘Medium chain, saturated 15.448 15.268b *15.02b
(C12:0 to C15:0)

Long chain, saturated 39.478 36.98b 35.68C
(C16:0 to CZO:O)‘

cis, unsaturated 26.37¢ 27.81b . 29.228
(C10:1 to C18:3) '

trans, unsaturated 3,358 3.158 2.55b
(C18:1) .

Other " 3,558 3.848 3,558
trans 18:1 , ]qp: 14.068 12.78b '10.10¢

Total 18:1

1 see Table 8.

o




- 54 -

R

proportion of the total octadecenoic acids, were significantly higher
(p<6.05) in the 5-29 fractions and significantly lower (p<0.05) in the
L~19 fractions compared to the original butterfats. The trans 18:1
isomers consisted mainly of the O\ 11 1somer (mp 449C) while the cis
18:1 is mainly the A9 1somer (mp 119C). This accounts for the
occurrence of a higher proportion of the trans 18:1 in the solid than in
the liquid fractions.

The preseni study shows more marked differences in fatty acid
composition between fractions obtained by cooling liquid fat than have i
been previously reported (Norris et al., 1971; Black, 1973; de Man and
Finoro, 1980). The improved crystallization and separation procedures
used 1n the present study permitted a wider range of fractionation
temperatures to be u;ed and hence larger differences in chemical
composition of fractions compared to those reported previously.

In addition to the fatty acid analyses, the whole butterfat and
@Ggiérfat fractions from .the winter butterfat were analyzed by capillary
column gas chromatography (CC-GC) for triglyceride composition. Grob and
coworkers (1980) noted thst fat fractionation can be monitored more sensi-
tively on a triglyceride basis than by classical analysis of fatty acid
methyl esters; this is because it is a direct analysks of glyceride
species that are being sepsrated. Figure 10 shows typical chromatograms
(CC-GC method) which were obtained with winter butterfat and with S-29 and
L-19 fractions. The triglyceride compositions according to acyl carbon
number, for both solid and liquid, 29 and 199C winter fractions in

comparison to the whole fat, are summarized in Table 12.
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Fig. 10. Typical gas chromatograms of the triglycerides of
whole butterfat, a solid fraction at 299C, and a

liquid fraction at 190C,
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Tablé 12. » Triglyceride Composition of Winter Butterfat and Butterfat
Fractions as Determined by Gas Chromatography.

%+0f Triglyceride (based on peak area/total area of all peaks)

Acyl .

carbon Whole winter ¢

number  §-291 5-191 but terfat? L-291 L-191
22 tr3 0.06 tr 0.08 .0.10
24 tr 0.03 tr 0.08 0.08
26 0.11 0.14 0.16 0.17 0.18
28 0.38 0.57 . 0.52 0.68 0.79
30 0.62 1.04 1.18 1.25 1.46
32 . 1.73 2.18 2.32 2.57 2.84
Other 0.22 0.27 0.29 0.30 0.34
3 4,76 '5.77 6.58 6.66 7.52
Other * 0.95 1.08 1.36 1.31 1.44
36 9.12 10.91 11.35 12.50 14.03
Other 1.29 1.55 1.52 1.71 1.99
38 10.12 12.09 13.67 13.74 15.44
Other 0.41 0.65 0.69 0.71 0.81
40 7.82 9,33 10.17 - 10.33 11.31
Other 0.23 0.50 0.12 0.50 0.58
42 6.50 7.14 7.29 7.05. * - 6.82
Othep 0.28. 0.47 0.72 0.46 0.31
44 7.32 6.96 6.58 5.90 5.37
Other 0.95 0.90 0.79 0.63 0.27
46 . 9.08 7.55 6.60 5.92 5.03
Other 1.45 1.14 0.90 0.95 0.39
48 10.96 8.87 8.12 7.23 6.15
Other 2.86 2.02 2.18 2.24 1.24
50 11.66 9,35 8.40 8.11 6.88
Other 1.84 0.97 0.77 1.12 0.70
52 7.04 6.41 6.12 5.78 5.73
54 2.09 2.07 1.62 2.04 2.20

1 Fractionation experiments were performed in triplicate at each temperature;

the analysis of each semple was performed in duplicate.

2 The sample was analyzed in duplicate.

3 Trace.

N
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It will be noted from Figure 10 that the composite groups of peaks
with a carbon number (CN) greater than 42 are more concentrated in the
solid fractions; the groups of peaks with a CN less than 42 are more con-
centrated in the liquid fractions. This reflects the tendency for the
hiéher molecular weight triglycerides to solidify and for the lower molecu-
lar weight triglycerides to stay in the liquid fractions. 1t 1s slso
interesting to note thepaifferences that exist within the groups of peaks
with the same CN. Although complete identification of all peaks separated
on the DB-5 capillary column was not possible, it was determined for the
C54 group of peaks that the first peak 1included the tri-unsatufated C54
triglycerides and the last peak was the trisaturated, C54 (tristearin)
species. The chromatograms (Fig. 10) indicate that the last peak 1n each
group (C44 to C54) having the same CN increased substantially 1n the solid
fractions; the same pesk almost disappeared on the chromatograms obtained

with liquid fractions. This reflected the tendency for the trisaturated

species of each group to concentrate in the solid fractions.
- 3

3.3 Physical Characteristics

The melting and solidification behaviour of an ail or fat as
measured (DSC) by the ratio of liquid/solid at different temperatures are
of great importance in assessing 1its u;e in a pérticular food
application. The percentages of liquid oil in the various fractions as a
function of temperature are presented in Tables 13 and l4.

The results of the statistical analyses (with the exception of the

liquid fractions at the upper temperature%) showed significant differences
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Table 13. Liquid 0il Content of Winter Butterfat and Butterfat Fractions.

L 2 -

% Liquid oil in designated fractionl»?

»

Temperature Whole winter .
(°c) S-29 5-26 5-23 5-19 butterfat L-29 L-26 L-23 L-19
0.0 9.gh 10.79 12.1f 12.5f 15.6€ 23.3d 24.6C 26.9b 28.18
5.0 15.21 17.5h 19.39 19.7F 24.8€ 32.3d 34.2¢ 37.6b 39,38
10.0 23.81 27.70 29.99 30.5F 39.3€ 47.1d 49.3€ 53.9b 57.68
15.0 31.41 36,20 39.39 40.3f 51.9¢€ 67.0d 71.0¢ 76.8D 79.38
- 20.0 36.61 44.2h 48.39 49.0f 64.6€ 80.7d 85.3C 93.6b 95.48
25.0 37.1h 47.49 54.8f 57.3¢ 75.8d 89.3¢ 94.7b 98.28 98. 38
30.0 . 46.3h 58.99 67.4f 70.9¢ 87.9d 97.7¢ 98.40 99.58 99.58
35.0 61.61 74.6D 83.79 g7.2f 97.3¢ 9g.7d 99.1C  100.08 99¢sb
40.0 83.6h 92.59 96.0f 97.2d,e 98.1d 98.8C 99.4b 100.08 99.6b

Melting point of designated fraction (9C)2)3

43.58 41.5b 39.0C 38.2d 34.68 29.7f 27.09 22.9h 20.61

1 The g liquid oil at verious temperatures was determined by Differential Scanning Calorimetry (DSC).

Z see Table 8, footnote 1.

3 Melting points were determined by AOCS Method Cc 1-25.

—89—




Table 14. Liquid 0il Content of Summer Butterfat and Butterfat Fractions

% Liquid oil in designated fraction 1,2

Temperature , Whole summer
(oc) 5-29 5-19 butterfat L-29 L-19
0.0 9.1e 14.2d 18.2¢ 24.7b 29.38
5.0 15.3€ 22.2d 28.9¢€ 34,3b 40.98
10.0 23.5€ 33.0d - 42.8€ 47.6b 56.7@
15.0 30.0€ 43.0d 56.6C 67.1b 78.88
20.0 32.1¢ 49.0d 67.4C ° 80.0b 96,18
25.0 32.68 56.9d 78.6C 89.1b 99.08
30.0 42.2¢ 70.1d 90.2C -97.4b 100.08
35.0 57.0d 85.7¢C 98.0b 99,68 100.08
40.0 78.7b 96.88 99.98 99,98 100.08

Melting point of designated fraction (9C)2,3

44,48 38.4b 33,4C © 28.8d 19.7¢

1 see Table 13.

2 5ee Table 8, footnote 1.

3 See Table 13. \\V// 1
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(p<0.05) in the melting behaviour between all fractions obtained in each
experiment (Tables 13 and 14). It should be noted that the differences in
melting behaviour between fractions obtained from the winter butterfat are
more pronounced than the differences in fatty acid composition (Tables 8
and 9). The melting Behaviour of the 5- and L~23 fractions as compared
\ -
with the 5- ;;d L-19 fractions (winter butterfat) were significantly dif-
ferent (p<0.05); éhe differences in fatty acid composition of the same
//fiactions were not significantly different. Jhe same was true for the

L-26 compared with L-29 fractions obtained from the wigier butterfat.
This would sugges£ that the arrangement of the fqtty acids 1n the trigly-
cerides has a more marked in;luence on the phys{cal properties of butter-
fat fractions than does the fatty acid composition.

Figure 11 shows typical DSC crystallization curves for winter
butterfat and the S5-29 and L-19 fractions obtained from this fat. Figure
12 shows a comparison of‘the corresponding melting curves.

The crystallization and melting behaviour of the S-29 fraction
differed markedly from that of the whole butterfat and the L-19 fraction.
The crystallization curves obtained ylth the 5-29 fraction showed a'large
high temperature peak (at ca. 209C) which was present only as a small
shoulder preceeding the low temperature pesk in the whole butterfat curve;
this was absent in the curve obtained with the L-19 fraction (Fig. 11).
Siﬁilarly, the melting curve of the 5-29 sample had a large peak at
419C; this was almost absent in the curve obtained with the whole®

butterfat and did not appear in the L-19 curve. The L-19 melting curve

had a large low temperature peak at 179C, and a portion of the curve

-
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indicated there was some méiting betWeea —2600 and -59C. This region ‘
of melting was almost absent from the other two curves (Fig. 12).

The present study has shown that but terfat cad be fractionated by
controlled cooling of melted bﬁttqrfat, to yield products which differ

ﬁarkedly in their physical and chemical characteristics. These fractions

might be incorporated into ﬁo?ds where the melting and crystallization be-

havfour of whole butférfat/is not suitable but where the flavour of butter-

\ i -

N . <
fat i§ desirable. For example, Tolboe (1984) used successfully a high-

melting fraction of butterfat, which had a melting curve similar to that
J)j B °
of the S-29 fractions obtained in- the present study, in Danish pastry.

The corresponding low-melting fraction was suitable as a cookie fat

L)

{Tolboe, 1984)."



N CHAPTER 1V

o .
EFFECTS OF THERMAL OXIDATION ON THE CONSTITUTION OF BUTTERFAT,

BUTPERFAT FRACTIONS AND CERTAIN VEGETABLE GILS. 1. POLYMERIC COMPONENTS

. ‘ 1. INTRODUCTION .

“ ‘o -
- °

Previous work (Perkins,. 1976) has shown that’ the thermal oxidation.
of a fab’(heating atIIBhOC - 2009C in'the presence of air) results in a
variety of complex chemical changes in the fat, bth oxidative ;Ld
thermalytic. This leads to the formation ofénumerous volatile and’ "
nonvolatile degradation products, many of which are important from the
- stanépoints of flavour, odour and nutrition. .
of particulaf interest are the nonvolatile degredation products
which accumulate in Fhe thermally oxidized fats and oils and subsequently
are rnéested with the foéd. Anrefationsﬁia between the nonvolatile,. non-
. urea-adduct-forming fraction o% heated vegetabig\qiks and various‘toxic
° responses Has been suggested by the early work of Crampton et al. (1953,
1956). The work of subsequent researchers (Michael et'%l., 1963; Artman,
1969; Artman and Sm}th, 1972; Ohfuji and Kaneda, 1973) supports these
. find@ngs and suggests that the nonadductable monomers and oxidative dimets
are tﬁe main source of toxidcity.
Numerous investigations have d?alt with the characterization of
, various componenté of thermally oxidized vegetable fats and oils; correspon-

diﬁg data for butterfat, however, is limited. Therg is saome evidence in

‘ : the early literature that butterfat may have possible nutritional o

~ 64 -
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" advantages over vegetable oils as a cooking fat (Johnson et al., 1956;

Bhalerao et al., 1959; Coombs et ;l., 1965). Knowledge of the differ-
ences in composition of thermally oxidized butterfat and of vegetable oils
may suggest possible factor(s) which could be responsible for the observed
nuttitional advantages of buttérfat., Such information is also desirable in
the view of current interest within the daigy industry 1n the fractionation

of butterfat to yield products which might have specific uses in food

'formulation and processing (Chapter IIl). To the authors' knowledge, there

is no information 1n the literature on the thermsl oxidative behaviour of

" such butterfat fractions.

The present study deals with the characterization of nonvolatile
degradation products which are formed during thermal oxidation of butterfat
and butterfat fractions as well as certain vegetable oils. In particular,

this study deels with the higher molecular weight ‘compounds that form as a
ot

resqlt of thermal oxidétion of fats and oils.

2. EXPERIMENTAL

2.1 Fat and 0il Samples .

Samples of winter (Janpary) and summer (September) butterfat were
prepared from fresh butter (Cooperative Agricole de la Cote Sgd, Quebec) by
meiting the butger at 60°C, removing the top oil layer, filtering the o1l
through glass wool and drying the resulting product over anhydrous sodium ,
sulfate. The oil was then refiltered (vacuum, Whatman 41 paper), flushed

with aibrogen and stored at -209C. The anhydrous butterfat was

!
* fractionated at 29 and 199C by crxstallization from molten fat to yield

'

L * "
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solid (S) and liquid (L) fractions at each temperature. The fractionation
proceduré has been described previously (Chapter I1I).

Sunf lowerseed o0il (Safflo, CSP foods Ltd., Saskatchewan) and corn
oil (Mazola, Best foods, Mantreal) were purchased from a local
sbpermarket. Canola oil ana soybean 0il were obtained from Canada Packers
Ltd. (Montréal). None of the vegetable oils contained any preservatives.

e

2.2' Thermal Oxidation Procedure

- a

A sample (100 g) of fat or oil was pléced in athree-neck
round-bottom flask (500 ml) and then heated (heating mantle) at 1850C +
20C for 8 or 16 h. 6 constant flow (30 ml/min, double stage regulator
and flqwmeter) of extra dry air (Linde, St. Laurent, Quebec) was passed
into the oil during the heating period. The same cylinder of air was used

throughout the study. The samples were stored at -20°C under an

(24

atmosphere of nitrogen until they were analyzed.
2.3 Gel Permeation Chromatography (GPC).

The treated and untreated samples were analyzed using a High
Performance Liquid Chromatograph (HPLC) supplied by Waters Associates
(Milford, Massachusetts); the instrument consisted of a Model 510 pump, a
U6K Universal Injector, an R40l Differential Refractometer (attenuation
8x8) and a series of ‘three coluns (7.8 mm ID X 30 cm length; 103 A, 500
K, and 100 K Ultrastyragel) operated at room temperature. The column

packing material\was highly crosslinked styrenedivinylbenzene copolymer
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(<10 microns). The total permeation yolume was 36 ml (or 12 ml/column),

and the total void volume was 18 ml. Tetrahydrofuran {THF ) stabilized with
250 ppm BHT (Anachemia, Lachine, Quebec), was used as the solvent at a flow
rate of 1.0 ml/min. Peak in?egration was performed using a Spectrs-Physics

(San Jose, California) SP-4270 ﬁlntegrator.
2.4 Preparation of Samples for GPC

For the analysis of intact )triglycerides, the safnples (30.to 50 mg)
were dissolved in 1 ml of THF,

Methyl esters of the unheated and heated fats and oils were pre-
pared by IUPAC Method 2.301 (4.2) for scid oils and fats (IUPAC, 1979) with
minor modifications. The methyl esters w:are extracted with hexane and the
"resultantq solution dried over anyhdrpus sodium sulfate. The hexane was
evaporated using a stream of nitroqen, and the methyl esters were
redissolved in THF (30 to 50 mg methyl esters per 1 ml of solvent). High
purity dimer and trimer acids were obtained from Emery Industries
“(Cincinnati, Ohio); they were converted to methyl esters by the procedure
given previously. Standard mixtures of trlglycerltdes, diglycerides,
monoglycerides and frée fatty a;:ids were purchased\ from Sigma Chemical Co.

(St. Louis, Missouri).
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2.5 Fatty Acid Analysis

The preparation of methyl esters and the determination of fatty
acid composition by capillary column-gas liquid chromatography was

described in Chapter I11. A

3. RESULTS AND DISCUSSION

4
P j\ut)

l Figure :13 shows typical gel permeétion chromatograms of butterfat
and vegetable oil samples which were heated at 1859C for 16 h; o
chromatograms from both the intact samples and their methyl esters are
shown. The dimeric and higher moleculag‘weight peaks wﬁich increase as a
result of polymerization reectigns during thermal oxidation give qc
indication of oil deterioration.

It should be recalled that GPC separations are based strictly on
differences 1n molecular size. Thus, the chromatographic peaks may include
both nonpolar and polar components. The relative concentrations of non-
polar and polar components will depend on the presence of polar functional
groups and, in the case of polymerized fatty acids or triglycerides, on thé
type of linkage between fatty acid or triglyceride units (e.g., carbon to
carbon, ether, hydroperoxide or epoxide linkage) (Ottaviani eé al.,

1979). It should also be noted that GPC of the intac. samples gives an
indicstion of the degree of intermolecular pblymerizatioh (i.e.# reactions
between fatty acids on two differentntriglyceride\molecules) and not

intramoleculsr polymerization (i.e., reactions between fatty acids on the

same molecule). Thus, the heated oils were transformed to methyl esters to
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obtain additional data on the total amounts of inter- and intramolecular

fatty acid dimers and higher oligomers which were formed during the thermal

oxidation treatment.

%omponepts are eluted from gelcperméatlon columns 1n the ordeg of
decreasing molecular size. The series of columns which was used in this
investigation resulted in the separation of normal weight butterfat trigly-
cerides to give two peaks; these represent two broad groups of triglycer-
ides which differed in molecular size (Fig. 13). The second peak répresent—
ed the low moleculsr weight triglycerides; they are eluted with diglycer-
ides as indicated by the retgption time of standard diglycerides. Theibege-
table oils, on the other hand, gave a single triglyceride peak. .Thi§ ind1-
cates the‘narrower range of coméosition of vegetable oil triglycerides
compared to butterfat triglycerides which contain from C22 to C54 (total
acyl carbon numper)‘species (Chapter 1115.

The results reported in Table 15 show that all of the unheated vege-
table oils contained dimeric triglycerides ranging in amounts from 0.21% to
0.59%; the unheated butterfats did not contain any detected polymeric tri-
glycerides. The oécurrence of high molecular weight compounds in frgsh

o

vegetable oils is most likely the result of processes that were used in

%)
v -~

their refinement (i.e., degumming, alkali refining, bleaching, deodoriza- -

Q W
tion).

==
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Table 15. Monomerlc, Dimeric and Higher Oligomeric Triglycerides Constltutlon of Unheated

3

and Thermally Oxidized Butterfats and Vegetable Oils.

o

% of intact sample (peak area/total area of all peaks)

Heating Canola  Sunflowerseed Corn  Soybean Winter Summer
period (h) GPC fraction pild8 ° 0il® 0il@ 0il@ butterfatP butterfat®
0 Trimeric and .
higher oligomeric nd® nd nd nd nd nd
3 Dimeric D.21 B.59 0.21 0.25 nd nd
B Monomeric (T1G) 97.06 97.06 95.83 98.10 50.01 52.26
Monomeric (7G,* DG) 2.45 2.04 3.51 1.36 49.54 47.24
Monomeric (FFA) 0.29 ;) 0.31 0.45 0.30 0.45 0.50
8 Trimeric and
higher oligomeric 7.70 10.33 2.86 8.82 4.93 5.51 .
Dimeric 12,17 15.85 8.90 13.51 9.74 9.34
Monomeric (71G) 77.58 72.14 84.45 77.43 39.63 41.63
Monomeric (TG, DG) 2.40 1.44 3.44 trd 45.70 43.23
Monomeric (FFA) ~ 0.1l6 0.23 0.35 0.24 tr |, 0.28
16 Trimeric and
B higher oligomeric 19.65 23.10 9.60 21.14 9.12 11.48
Dimeric 14.67 17.49 13.76 15.05 . 12.81 13.16
Monomeric (1G) - 62.99 59.23 72.90 63.55 34.23 34.27
Monomeric (TG, DG) 2.69 tr 3.50 tr 43.84 41.03
Monomeric (FFA) tr 0.18 0.23 0.27 tr 0.05

B8 Each value for 8- and 16-h heating represents the mean of 3 replicate samples, analyzed in duplicate.

Each value represents the mean of one sample, ana
C Not detected.
d Trace (not integrated).

tyzed in duplicate.

-.l[-
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The sunflowerseed, soybean énd canola oils, after both 8 and 16 h
of thermel oxidation, ;:ontained substantially higher amounts of both
dimeric and higher oligomeric triglycerides than did eitheflbthe corn oil or
butterfat’ samples (Table 155. It should be noted that with the corn o1l
samples, after 16 h of thermal oxidation a very viscous and dark coloured

material which was not soluble in chloroform, ethyl ether or acetone

remained on the i'nner walls of the flask after the sample was removed; this

‘ | was not observed with any of the other sémples. This material could con-
tain high molecular weight components which were not accounted for in the

_ GPC results from the corn oil samples which were heated for 16 h. The
results obtained with all of the fat and oil samples indicate that the
rates of dimeric triglyceride formation, during the first 8 h of heating,
exceeded the rates of trimeric and higher oligomeric triglyceride forma-
tion. The.fastest rates of F/o/z:r/nation of all polymers 6ccurred in the sun-
flowerseed, soybean and canola oils. The rate of dimer formation in the

-
-

sunflowgrs’ééd, soybean and canola 6ils decreased during the second 8 h of

— ‘
’ /héting, while the amounts of higher oligomeric triglycerides continued to

-
-

increase at a steady rate throughout the 16 h heating period. The rates of
formation of dimers as compared with the higher oligomers in the sunflower-
seed, soybean and canola oils suggest that dimers are formed preferentially

and that the higher oligomer§ were formed from the dimers (addition

W
\

polymerization). ' 3 )

The corn o0il behaved more like the butterfat samples with respect
to—intermolecular polymerization‘than did the other three vegetable oils.
This is somewhat surprising in view of the considerable differences: in

their fatty acid compositions (Table 16). It seems reasonsble to assume
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Teble 16." Fatty Acid Composition of Winter and Summer Butterfat and Selected Vegetable 0Oils.

13

. Methyl esters (Wt %)8 ,
- - Winter Summer
Fatty acid group Canola o1l  Sunflowerseed o1l Corn oil Soybean oil butterfat butterfat
Saturated ¢ 7.43 10.74 12.99 15.07 < 70.48 66.73 -
i
Menounsaturated 28.16 .18.00 26.83 22.66 24.57 ; 27.36 ~
Polyunsaturated 34.17 70.90 60.17 61.86 1.90 2.36 !

Other 0.24 0.35 - 0.42 3.04 3.55

8 tach sample was analyzed in duplicste.
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that’ the probability of intermoleculsr polymerization increases as\the
degree of unsaturation of an oil increases. The results reported here, how-
ever, suggest that (at least during the fir%F 8 h of heating) there are
factors other than degree of unssturation which have a marked influence on
intermolecular polymerization. One sdﬁh factor.could be the presence of
naturally occurring antioxidants. It is known that untreated corn oil con-
tains a certain amount of tocopherol (Sonntag, 1979) which could explain

its slawer rate of bolymerization duringré h of thermal oxidation compared
to the othe’. vegetable oils.

¥Qéaes 17 and 18 show that there are some differences in the inter—
molecular polymerization of the butterfat fractions 1in comparison to whole
butterfat. The chgmlgal and physical properties of the whole butterfat and
butterfat fractions which were used in the present study were described in
Chapter II1I.

The liquid fraction (L-19; Table 17) obtained from the“winter
butterfat showed some stability toward thermal oxidation SB;hour heat
treatment) as,compared to the other samples; this sample, however, had the
highest degree of unsaturation (Chapter III). After 16 h of heating, the
solid fraction (S5-29; Table 17) exhibited the greatest resistance to
intermolecular polymerization. With the summer butterfat samples (Table
18), the 5-29 fraction coptained the lowest level of total polymeric
triglycerides after both 8 and 16 h of thermal oxidation; the L-19 fraction
contained the highest levels of polymeric triglycerides. A comparison of
the results obtained with winter and summer butterfats shows that the
levels of dimeric.triglycerides in the samples heated for 8 and 16 *h were

very similar. E@e main differepces were in the levels of high molecular



Table 17. Monomeric, Dimeric and Higher Oligomeric Triglycerides Constitution of
Unheated end Thermally Oxidized Winter Butterfat and Butterfat Fractions. '
.y ~e—— - -
% of intact ‘sample (peak area/total area of 'all peaks)d
Heating Fraction® _Fraction Whole Fraction, Fraction
period (h) GPC fraction 5-29 5-19 butterfat L~29 L-19
0 Trimeric and higher oligomeric nd€ nd nd nd nd
Dimeric nd nd nd nd . =Ad
Monomeric (TG) 65.86 ~ 96.05 - '50.01 44.83 40.55
Monomeric (TG, DG) 33.74 7 43.54 . 49.54 54.55 58.82
Monomeric (FFA) 0.39 0.4l ) 0.45 0.62 . -0.64
8 Trimeric and higher oligomeric 4.38 4.62 4.93 5.2 ° 5.00
Dimeric -~ B.86 9.36 9.74 8.45 7.82
Monomeric (T1G) . . 55.38 45.93 .39.63 35.16 30.73
Monomeric (1G, DG) 31.30 40.10 45.70 50.86¢ 56.25 .
Monomeric (FFA) . 0.11 trd tr 0.29. 0.20
16 Trimeric and higher oligomeric 7.95 v, -9.04 9.12 13.33 12.22 .
Dimeric 12.48 1224 12.81 I1.74 11.71
Monomeric (TG) 50.39 40.42 T 34,23 27.14 22.76
Monomeric (TG, DG) -+ 29.18° 38.29 43.84 47.78 53.32
Monomeric (FFA) tr tr tr tr ) tr

8 Fach value represents the mean of one sample, analyzed in duplicate.

D Fraction designation i1ndicates physical state (solid, liquid) and fractionation

C Not detected. ) -
d Trace (not 1ntegrated).

temperature (°C).

—

o
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-Table 18. Monomeric, Dimeric and Higher Oligomeric Triglycerides Copstitution of
Unheated and Thermally Oxidized Summer Butterfat and Butterfat Fractions. )
% of intact sample (peak area/total area of all peaks)d
Heating ' Fractionb Fraction Whole Fraction _fFraction
period (h) GPC Fraction - 5-29 S-19 butterfat L-29 L-19
0 Trimeric and higher oligomeric nd€ nd nd nd nd
Dimeric ] nd nd nd nd “nd
Monomeric (16) 68.69 59.22 52.26 49.38 45.12,
Mgnomeric (TG, DG) 31.08 40.45 47.24 50.22 54.40
/Hgnomerlc (FFA) ~ 0.23 0.30 0.50 0.40 0.48
/ .
¢ 8 / gzégsric and higher oligomeric 4.75 5.48 5.51 . 6.33 6.62
. . DBimeric 8.83 9.40 9.34 8.48 8.51
Monomeric (TG) 59.46 48.34 41.63 39.01 34.52.
Monomeric (TG, DG) 26.84 36.57 43.23 46.01 50.08
Monomeric (FFA) 0.12 0.21 0.28 . 0.18 0.27
16 Trimeric and hlgher oligomeric 9.90 10.77 11.48 13.75 15.34
Dimeric ~12.48 12:99 13.16 11.75 11.32
Monomeric (TG) 52.15 40.90 34,27 31.54 26.71
Monomeric (TG, DG) . 25.26 35.09 41.03 42.83 46,32
Monomeric (FFA) G.20 0.26 08.05 0.13 0.23

—vgt-

~ 8 Fach value represents the ‘mean of 3 replicate samples, analyzed in duplicate. -

b Fraction designation indicates physical state (solid, ligquid) and fracticnation temperature (OC)
€ Not detected.



)

’

weight polymers with the summer butterfat and fractions containing larger

amounts of trimeric and‘nigher'oligomeric triglycerides than the

.- e

" cortesponding winter samples. This reflected the higher proportion of

'levels of unsaturated fatty acids. This, in turn, shqQuld result 1n an in-

2

unsaturated fatty acids in the summer butterfat as compsred to the winter
butterfat (Teble 16) (Chapter III).

Table 19 summarizeg the GPC data from heated fat and oil samples

(16 h) which were transformed to the corresponding methyl esters prior to

GPC. Thebe results give an indication of the total amount of polymeriza-

~

tion (both inter- and 'intramolecular) which has occurred. It 1s reasohable
-to expect that the p§obability of having more than dne unsaturated fatt

acid in a triglyceride molecule will be greater with samples-having high

creased probability of intramolecular polymerization (Pokorny et al.,
1976b). It was observed that the sunflowerseed oil had undergone the
highest degree of both inter- and intramoleculsr polymerization among all
thesfats and oils that were studied. On the other hand, the corn oil

2
sample was relatively resistant to polymerization compared to the other

vegetable oils. It ié interesting to note that, despite éhe fatty acid .

r &

composition of the corn oil, the heated o0il contained primarily
intermolecular polymers as indicated by the relatively low value for
trimeric fatty acid methyl esters (Table 19). Trimeric fatty acids can

arise only 1f intramolecular polymerization reactions have occurred. As
indicated previously, the results for corn oil (16-h Sample) may be :lower
then the actual values due to losses of polymeric material on the inner

walls of the oxidation flask. The gel permeation chromatograms from the

fatty acﬁd methyl esters showed that none of the fats and oils studied

o !
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. Table 19. Monomeric, Dimeric and Higher Oligomeric Fatty Acid Constitution of Thermally Oxidized ,
(1859C, 16 h) Butterfats, Butterfat Fractions and Selected Vegetable Oils.

o

. tatty acid methyl esters, % (peak area/total area)

GPC fraction Canola 0il® Sunflowerseed 0118 Corn 0il® Soybean 0112 *
N 7 >
Trimeric and higher 7:
oligomeric 5.98 ’, 5.64 2.96 6.47
Dimeric 11.04 | 14.89 | 9.24 12.50
Monomeric (fatty acids) 82.98 - 79.47 87.79 81.03
Fractions from winter butterfat’
v ¢ Whole -
5-29b s-19b butterfatb L-29b9 L-19b
Trimeric and highér
oligomeric 3.97 4.3 = 4.21 8.18 7.07°
Dimeric 9.24 8.94 9.18 ;'7720 7.82
Monomeric (fatty acids), 86.79 86.75 86.61 84.62 85.11
Fractions from summer butterfat
y B Whole
N 5-298 5-198 butterfat?@ L-298 L-19a
o L ® A
Trimeric and higher - » :
:’J.éigdmeric 3.59 4.50 4.96 \ 6.44 7.92
Dimeric 7.70 8.63 8.97 8.51 8.06
Monomeric (fatty acids) - € 88.71 . 86.88 86.07 85.03 84.02

& tach value represents the mean of 3 replicate samples, analyzed in duplicate.

b Each galue represefits the mean of dne sample, analyzed in duplicate.
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contained polyméric fatty acids with more than threg’component fatty acids.
’ %

The results\gbtained Qith the butterfat samples (both winter and

Q

summer) indicate thai, in genersl, the total amount of polymerization

incféaseq as the level of unsaturated fatty acids in the unheated fats

-1 ror

increased (Table 19). Pokorny et al. (1976b5 stated that it is méinly

the polyenoic fato acids which participate in polymerization reaction; of -
lipids. The present study indicates that this is not. necessarily true, -
because the levels of polyenoig fatty acids in the butterfat samples alone
&rrot account for the observed levels of polymerization. It would appear
that, under conditions of thermal oxidation, both monvenoic and polyenoic
fatty aci&s, and perhaps saturatéd*fatty acids, once qxidiﬂed, have the.

potential to participate in polymerization reactions.

The results reported in the present chapter indicate that butterfat

® %

and the fractions of butterfat are much more stable to thermal oxidation

“than are certain vegetable oils (canola, sunflowerseed and saybean). The .
A

.corn 0il also exhibited a high degfee of stability after 8 h of heating.
However,'the 16-h corn°oil data waé“less certain dqe té the presence of an
insoluble materigl which could not’ be removed from the oxidation flask;
this was believed to contain highly polymerized oil and was not observed
with any of the other samples. The dats also suggésts that the degree ofv‘

.unsaturation of a fat or oil alone does not contfol the extent or rate of
P

‘polymerization reactions during thermal oxidation. It is certain that

unsaturation ia\}nvolved in polymerization of fats; other factors, however,
also could be important as would be indicated from the results with corn
oil (8-h heat treatment) and with fhe L-19 fraction from winter butterfat

(8-h heat treatment). It should be pointed out that, although the




formation of polymeric compounds in heated f‘etsf;and oilg is considered to

be

or

N

B

an indication of the extent of degrédal:.ion; the monomeric, pr“iglycerides

o

fatty acids may also be degraded by thermal ‘of oxidative chénges.

3
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CHAPTER Vv °

EFFECTS OF THERMAL OXIDATION ON THE CONSTITUTION OF BUTTERFAT,
: - BUTTERFAT FRACTIONS AND CERTAIN VEGETABLE OILS.
" II. POLAR AND NONPOLAR COMPONENTS

1! . & o
1 v s ° =

| ' < -
1. INTRODUCTION

¢

-

It is known that thgitbermal oxidation of:e fat results in a
- variety of oxidative and thermolytic reactions in the fat which lead to
‘the formatlon of . numerous volatile and nonvolatlle degradatlon products.
Many investigations have dealt with the assessment of the thermal oxida-
tive behavioyr of vegetable‘fats and oils; these fats and oils are used in
con§1derable quantities for deep fat frying of ﬂnqu and thus a knowledge
of their decomposition pathways and products is of great practlcal and
nutrjtional importance.

Butter 1s also used in food preparation, bothﬁ;s a component and
as a frying medium; this is primarfly because of its favourable flavour
characteristics. -There is, however, little publisgeakinformation on the
ther@al oxidative beha{iour of butterfst and the cémpsgition of the résul-
ntanx‘nonvolatile degradation products. Butterfat is unique among all of
thelnaturally occurring fats snd oils in its chemical and physical charac-
teristies. More than 400 different fatty acids Ba;a been found to be' pre-
sent in butterfat (Patton and Jensen, 1975). A large proportion of the
Fa? is comprised of saturated fatty acids (ca. 66-70%) of which approxi-
mately 12-13% is short chain fatty acids (C4:0 to‘CIO:O); the main unsatu-~
rated fatty acid in butterfst is oleic acid (ca. 19-21%) (Chapter I11).

Vegetable oils, such as corn oil and soybean o0il, on the other hand,

-81 -
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" gel permeation properties of the heated fats and oils (both at the trigly-

\‘

- . . . S . ‘ L
‘contain prlmgrlly long chaln unsaturated fatty ac1d3° cérn oil and §>x:ean )
011 contain 87% and .84% of total unséturated fatty acids, ﬁespectxvely '
(Chapter IV) . Amer and Myqr (1974) found that Wheh modified bitter (whgch
contalned 30% sunflower 0;1) was heated (909C for 20, 40 and 60 h) ¢ the

rate of* oxldaflon was much more rapid in‘the m0d1f1ed butter than in -
normal buttg;,»XThus maJor differences would be expected\xn thg
comp051t10n of decomp031t19p prodqcts from heatedgbutterfgt compared to“; o )

those of heated vegetsble oils.-

c Ihe present studydeals with the cheracEerizataon of nonvol%tl&e

"

'degradatlon products which are formed during the theymal-oxldatlonaof

butterfat and butterfat fractions as well as certain veggtable oilg, The
ceride and fatty acid levels) have been reported 1n Cﬁapterlv.D The

present chapter deals with the polar and nonpolar products that form as e

result of thermal oxidation of fats and oils. o ( .
B o ! . . v ° oo
6 ° . ° . " .
G ° °
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2.! Fat -and OlluSamples~ . e .

— ‘ <

Anhydrous butterfat was prepared fromxffeéh summer (September)
butter (Cooperative Agricole de ls Cote Sud, Quebec). The aékydrous
butterfat was fractionated at 29 and 199C by crystallization from mojten
fat to yield solid (5) and liquid (L) fractions at each temperature. The .

prepafﬁtion of anhydrous butterfat, the fractionation progedure, and the

o



chemical and physical characteristics of the frgptions have been 'described
previously (Chapter I1I).

Sunf lowerseed o0il (Safflo, CSP Foods Ltd., Saskatchewan) and corn
oil (Mazola, Best Foods, Montreal) wefETpurchasea from a local super-
market. Canola oil -and soybean bif were obtained from Canada Packers Ltd,

(Montreal). None of the vegetable oils contained any preservatiJés.

4]

2.2 Thermal Oxidation Procedure
|

!

A continuous heat treatment was used by which 100 g samples of
anhydrous fat or oil were placed in round-bottom flasks and maintained at

185 + 29C for 8 or 16 h in"the presence of air (30 ml/min); the method

has been described previously (Chapter IV).

2.3 Chromatographic Separation of Polsr and Nonpolar"Components '

The thermally oxidized oils were separated into polar and nonpolar
fractions by column chromatography on silica gel 60 (Merck No. 7734). The
method of Guhr and Waibel (as reported by WBltking and Wessels, 1981) was
-~ used, with minor modifications. The preparation ofﬂthe silica gel and the .

column were as described by Waltking and Wessels (1981) A measured

quantity (1.0 g) of thermally oxidized oil was dissolved in 10 ml of the

first eluting solvent mixture (petroleum ether - ethyl ether, 87:13) and
,,1 added to the top of the column. An additional 10 ml of the same sdivent

6 mixture was used to rinse the besker, funnel, and inner walls of the ’

5. 2l i
¥ B
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"t ‘column. ‘The nonpolar fraction was eluted with 150 ml of the betréleum

¥

) uiether-ethyl ether mixture info a round-bottom flask (250 mb). The polar

o
i

, -components were eluted into a second round-bottom flask with 50 ml of the
Q
betrofemn,ether-ethyl ether mixture followed by 100 ml of isopropyl
‘alcohol. The solvents were evaporated using a rotary evaporator and the

14

u yéigh}s of the fractions were determined. The quality of the separations
Yko ;ere‘checked by thip layer chromatogréphy (Waltking and Wessels, 1961).
]he(mpdification in the elution of the polar cdmponenté was made following
f{bf?{iminary analyses wh;ch indicated that the use of 150 ml of the first

. ‘ »
.solvent mixture (petroleum ether - ethyl ether, 87:13) to elute the polar

" fréctionu(Waltking and Wessels, 198l) resulted in incomplete recoveries of

P

. - pola

r compggénts from the column¥.
0

¢ )

a
*

2.4 Gel Permeation Chromatography (GPC) °

d
O

0

The nonpolar and polar, fractions which were separated from the

. thermally Sxidiged oils\weré analyzed"(aé intact samples) by GPC using

L

high pressure liquid chromatography (Chapter 1V).

0 (*

2.5 ‘Fatty Acid‘Analysis

il

) o 4

The fatty acid compositions of the untreated samples and the

nonpo}aﬁ fractions from the treated samples were determined by capillary

columh—gas chromatography of the methyl estersa(Chaptenllll).

—— o
¢

[



" 37 RESULTS AND DISCUSSION®
, : | / .
The amounts of total polar components in the nonvolatile fractionsl
of the thermally oxidized vegetable oil and butterfat samﬁles are reported
in Tables,20 and 21, respectively. According to the methoduwhich was used

in this study to separate the heated oils into nonpolar (NP) and polar (P)

fractions, the NP fractions contained primarily unaltered triglycerides

end g small amount of unsaponifiable matter; the P fractions contained
some components which occur in unheated fats and oils, such as monoglycer-

s

i&es, diglycerides a%d‘free fatt; acids, as well as polar transformation
products which were For;ed during thermal oxidation (Naltking ;nd Weséels,
1981). The size of the polar fraction gives an indication of the degree
of fat deterioration {Billek et al., 1978). Also reported in Tablss 20
and 21, are the distributions of polymeric material in the P fractions as

determingd by gel permeation chromatography. figure 14 shows typical gel

permeatiqﬂ'chromatbgrams of P and NP fractions from butterfat and

e
s

vegetable oil samples which weré heated at"lBSOC for 16 h.

Under the conditions of heat treatment that were used, the thermal-
ly oxidized sunflowerseed} so}bean and canoia oils contained substantially
higher amounts of “total polar components (after both 8 and 16 h) than did
either the butterfat samples or the corn oil (Tables 20 and 21). Similar
daé% fo; Butterfat have not been reported previously. Direct comparisons
: 5 of the vegetable o0il results with those reported in the literature (Gere,
19825 Yoshida and Alexander, 1982) also cannot be made due to differences

in heat treatments that were used by the various investigators. _As a

@ reference point, Billek (1979) has suggested, for frying oils, a level of
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Table 20. Total Polar Components and the Composition of Polymeric Triglycerides

in the Polar fractions from Thermally Oxidized Vegetable 0Oils.

Sample Heating Total polér Distribution of polymeric triglycerides
time (h) components (%)@ - in polar fraction (%) _
Higher Dimers Monomers free
oligomers {including DG, MG) fatty acids
Sunf lowerseed 8 36.05 (+ 0.34) 30.1 37.0 32.2 0.8
oil .
" 16 52.61 (+ 0.38) 40.2 31.4 28.1 0.4
a '} . =
Soybean 8 - 31.89 (+ 0.65) 25.8 37.8 35.6 0.8
oil yd
16 47.42 (+ 0.04) 41.0 30.3 28.2 0.4
Canola oil 8 31.69 (+ 0.24) 24.5, 33.7 41.0 0.7
16 48.00 (+ 0.52) 35.2 29.0 35.5 0.3
Corn oil B 20.56 (+ 0.99) 16.6 39.0 42.9 1'5,4’
16 32.61 (+ 0.88)" - 29.1 36.2 33.9 0.8

B8 Values reported are the percentage by weight of polar” components in the nonvolatile fractions of the

heated fats. Heating experiments were performed in triplicate.

from the mean of three replicate samples, analyzed 1n duplicate.
b Each value represents the mean of one sample, analyzed in duplicate.

RN

The deviation is the aversge deviation
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Table 21. Total Polar Components and the Composition of Polymeric Triglycerides in the Poler Fractjgmns
from. Thermally Oxidized Butterfat /(BF) and Butterfat.Fractions. . J’
Sample Heat ing’ Total polar ° Distribution of pdlymeric triglycerides )
time (h) components (%)8 i in polar fraction (%) . .
) Higher Dimers HMonomers free
0l igomers . (1ncluding DG, MG)' fatty acids
S-29 Bf 8 26.92 (+0.52) 17.6 29.0 52.5 1.0
fraction® 16 38.53 (+0.38) 22.3 28.7 48.4 0.6
5-19 BF 8 27.84 (+0.34) ° "17.8 28.7 52.5 1.0 \
fraction 16 39.74 (+1.1) 22.6 . 28.7 48.1 0.5 -
- ~
Whole BF 8 28.72 (+0:58) 18.3 28.7 51.7 1.3 '
16 43.08 (+0.59) 24.2 28.6 46.7 0.5
\ o
L-29 BF 8 27.08 (+0.11) 24.3 - 27.2 47.5 1.0
fraction 16 39.73 (30.57) 30.4 26.2 ¥  43.0 0.4
L-19 BF 8 27.12 (+0.62) 22.1 27.3 49.5 1.1
fraction 16 40.23 (+0.04) 37.1 24.7 37.6 0.6

8 See Table 20

b See Table 20

€ Fraction designation indicates physical.state (solid, liquid) and fractionation temperature (°C).

&

o
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30% of total polar compounds in thé oil as the point at which the oil is
considered to be aeteriorated and should be discarded.

The low levels of polar compounds in the corn oil compared to the
other samples are somewhat surprising in view of the relatively high ~_
content of unsaturated fatty adids in this oil (Table 22); this data is '
consistent with the relatively low overall levels of both 1nter- and
intramolecular fatty acid dimers and higher oligomers in the thermally
oxidized corn o1l which were reported in Chapter IV. It should be noted
that with the corn oil samples, after 16 h of thermal oxidation, an
insoluble substance (insoluble in chloroform, ethyl ether or acetone)
remained on the inner walls of the flask after the sample was removed;
this was not observed with any of the other samples. This substance
represented spproximately 2-3% of the original weight of the oil and could
contain highly degraded oil which was not accounted for in the analysis of
the nonvolatile fractions of the heated olil.

Figure 14 shows that the bulk of the dimeric and higher oligomeric
triglycerides which were formed in the fats and oils as a result of ther-
mal oxidation, were found in the P fractions. This indicates that these
polymeric compounds contained polar functional groups and/or polsr link-
ages between the fatty acid or triglyceride units (e.g., ether,
hydroperoxide or epoxide linkage). The analysis of the NP fractions
(quantitative data not shown) indicated that the 8 h - NP fractions
contained from 0.3% to 0.6% dimeric triglycerides and the 16 h - NP
fractions contained from 0.4% to 1,3% dimeric triglycerides. Polymeric
triglycerides with three or more component triglycerides were not detected

in the NP fractions from any of tpe thermally oxidized fats and oils. It
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should be’ képt in midd that the 1ntect samples were Separpted and '
!

t

”analyzed. Thus nonpolar’ Fatty acld polymers whlch might be present,in the

3 s

heated oils will not be deteqted if they occur’ as constltuents of polar

Ser
3
- ‘ "~

trlglycerldes or -polyméric tnlglycerldesd S ' .
| , o
A cgmparison of theocomposxtlons of" polymer1c materlal in the P

o

fractions from the vegetable oil samples (Tab[e 20) and the butterfat

v t N

) samplés gTable 21) shows that the @utterfat samples—contalned higher .

a; & '
proportlops of monomeric: materlal (L €.y, trlglycorldes, dlglycerxdes, and
mbnoglycqnldes) .in the P fraotlons than d1d ~any" df the vegetable oals.

- o i 3t i

“The hlghEr leveLs of total polar cdmponehts ;n the butterfat samples

compered w1th the corn oil sample may have q§en dué to a greater ;:

G e 1- '

propqrtlon'of products oF hydroly31s (i. e., dLglycerLdes, monoglycerldes,

o

,and free fatty acids) in the P fractions rather ‘than a greater proportion -

v i,

of o;ygenated and polymeric trigfycerides.‘ with (h( buttepfet samples,

the GPC MEﬁhod which was used did not permlt adequate separatxon of

v 1

dlglycerldesugqg monoglycerides from Qho'monomerlc tniglygerxdes (Fig. 14)

s
Lo

because of the complex briglycéride composition‘of buﬁfooFat. Thus the

extent of hydrolytic reactlons wh1ch occurred cannot be ascertalned fram

, this deta. The level oﬁ free fatty aCLUS 1n the P F:act1ons also ‘may not

[

be a good indicator of the éxtent of hydrolysxs, since the$e products may

o

be lost with the volatile components durlng thermal ox1dot1on. It seems

- ]

reasonable to assume that this effect would be more pronounced thh the

[

butterfat samples since they contain a lsrge proportion of short chain

3 - o

fatty acids.
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Table 21 shows thst there are some differences in the amounts of

polar coﬁponents as well as in the distrithioné‘of polymeric triglycer-
ides in the bUiterfat fractions in comparisén to whole butterfat. The
solid butterfat fract{gns.contained lower levels of total polar components ’
onmpargd to the whbf!iputtqrfat; this corr?sponded to the lower levels of
unsaturated fatty acijg in the solid fractions (Table 23) (Chapter III).
The liquid }ractibns, contained similar or slightly lower levels of total
polar components cempgred to the whole butterfat; these samples, however,
Acontaiﬁed th highest levels of unsaturated fatty acids among all of the
butteﬁfat samples (Table é)) (Chapter III);

The GPC results shown in Table 21 indicate that as the degree of
unsaturation in._the butterfat samples increased, the extent of formation
of polymeric triélycerides during thermal oxidation also increased. The
liquiq_fraétions cuntained higher levels of dimeric and higher oligomeric
trigl*cerides in their degradation products than did the solid fractions;
the solid fractions contained higher levels of oxygenated triglycerides )
and/or hydrolysis products in their ?egra?etion‘products. Thus the main
rgacti&n pathways which occur during the thermal oxidastion of solid and
igquid butterfat frections are different.

T The -nonpolar fractions from the thermally oxidized fats and oils
were further characterized according to their fatty acid compositions
.;using caepillary column-gas chromatogra%hy of the methyl esters. Tables 22
end 23 report the fatty acid coméositions of .the unaltered triglycerides
\: (NP fractions) in the unheated and heated samples. As the fats and oils
/ were heated, the levels of ungaturated fatty acids in the NP fractions

progressively decreased as a result of Ehe‘degradation of these acids

@ 3
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_.-Table 22. Composition of Unsaturated Fatt;/ Acids in Nonpolar -
Fractions from Thermally Oxidized Vegetable 0Oils.
l
: | .
. Methyl este‘rs (Wt %) A
Sample’ Heating
Ny time (h) *  Cl8:1  ° Cl18:2 C18:3
° ° )
Sunf lowerseed oil 50 18.0 70.7 0.2
: 8 19.4 65.8 0.2
16 20,9 62.6 0
o S
Soybéan oil 0 22.6 7 53.2 o 8.7
8 234 50.2 * 6.5
| 16 . 25.8 . 47.7 5.2
- \\ ¥ ‘ - ’
Cam 0 55.7 24.4 9.7
N . 8 5909 .1806 5.3
° 16 ' 65.3 16.1 335%
h ’a <
_ Cdrn oil 0 : 26.8 59.5 Lo 0.7
' 8 27.4 56.3 s 0.7
16 | 29.0 54.8 0.5

8 Each value for 8- and 16-h heating represents the mean of thtee
replicate samples, analysed in duplicate.
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Table 23. Compgsitioh of Unsaturated Fatty Acids in Nonpolar Fractions R
’ from Thermally Oxidized Butterfat (BF) and Butterfat Fractions.-

o

[\] oy

- . " Methyl esters (Wt %)@
‘Sample Heating
time (h) C18:1 C18:2 C18:3
5-29 BF Fracidn 0 16.3 1.3 0.6
” 8 13.1 0.6 . 0.1
16 10.9° 0.3 0o .
5-19 BF Fraction 0 ) 19.2 1.5 .. . .0.7
- 8 ' 16.2 1.0 . s 0.2
16 13.6 0.6 0.
Whole BF 0 205 . . 1.6, ° 0.8,
i 8. . 179 1.0 0.2
16 . <15.3 . 0.5 0
L-29 BF Fraction o 21.5 1.8 0.9
- 8 19.0 ° -+ 1.2 . .0.2
1l 16.8 0.7 - .0
L-19.BF Fraction 0 22.7 1.8 . ' 0.9
. 8 20.1 1.l . 0.3 -

' 16 18.4 - 0.6, 0

8 Each value represents the mean of three replicate samples, analysed

in duplicate. f ‘ )
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by thermal oxidative reactions. With the vegetable oil .samples (Table
22), decreases in the oleic acid content.of the oils are not apparent and

in fact, the content of oleic acid in the NP fractions appears to increase

with increased time of heating. This is because the levels of the dif-

ferent fatty acids in a given sample are relative to one another and the
initial levels of s:aturat\edn fatty acids in the vegetable oils is low.

Thus decreases in linoleic and linolenic acids result in increased levels
of oleic acid, even though. some oleic acid may be consumed in thermal oxi-

dative reactions. With the butterfat samples (Table 23), decreasés in the

* levels of unsaturated fatty acids with heatmg resulted in correspondmg

increases in the levels of saturated fatty amds. [t is worth noting that
with the butterfat samples, regardless of the initial level of 'unsaturated
faity acidsﬂin the fat, the reductions in the levels of these acids (after

both 8 and 16 h) were similar for all samples; absolute values of the un-

saturated fatty acids in the total nonvolatile fractions will be different.

due to the different sizes of the NP fractions.

The results reported in the present paper lend further support to
our initial observations (Chapter I[V) that butterfat.and the fractions of
butterfat are much more stable to thermal oxidation tl;an gre certain vege-
table oils (canola, sunflowerseed and soybesn). The data also suggests
that the dt;gree of unsaturation of a fat or oil alone does nc;; control the

extent or rate of thermal oxidative reactions. As indicated from the re-

sults with the corn oil and the liquid bu%terfat fractions, factors other

‘than the degree of unsaturstion could be important in determining the

extent of degradation during thermal oxidation.° With the liquid butterfat
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" fractions, it is possible that an antioxidant factor(s?) is concentrated in
‘ I's ' * ,
. these fractions by the fractionation process; this could explain the :
-— . ' thermsl oxidative stability of the liquid fractions compared to the whole
. " butterfat. Further work is being conducted in this laboratory to provide
) more detailed informstion on the constitution of the butterfat fractions
S o and to determine .the nature of the antioxidant factor(s) in the liquid
.butterfat fractions. Y _
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CHARTER. VI .

.

‘ANALYSIS OF THERMALLY OXIDIZED BUTTERFAT BUTTERFAT FRACTIONS

AND CERTAIN VEGETABLE OILS FOR CYCLIC MONOMERS Yo

) ‘ . ,> ~
1. "INTRODUCTION
' Cyelic monomers?;becéuéé of their p;tential ;oxicity, are an impor-
tant class of compounds which may be“present in Foqgs as 8 consequence of
‘processing and cooking. Whey are knogn%to arise from the intramolecular
condensation of C18 polyunsaturated fatty acids (Michael, 1966a and 1966b;
Gente and Guirllaumin, 1977) and their occurrence has been demonstrated in
vegetable o1ls which were used for deep fat frying (Meltzer et al.,
1981; Frankel et al., 1984). Meltzer et al. (1981), after low
temperature crystallization of the hydrogenated mezhyl esters, were able
to detect cyclic Fatgy acids (0.3% to 0.6%) in heated (1959C for 52-104
h) soybean oil wunder both'continuous and i1ntermittent heating conditions.
Frankel et al. (1984) asnalyzed vegetable fag and oil samples f;ﬂm f ood
outlets in both the United States and the Middle East (Israel and Egypt)
for their content of cyclic fatty acid monomers. The samples from the USA
contained from 0.1% to 0.5% cyclic monomers; the semples from Israel and
Eéypt had values which ranged from 0.2% to 0.7%. Ffresh vegetable o1ils,
prior to heating, have also been shown (Guillaumin et al., 1977) to

e

"contain small amounts of cyclic monomers (0.1% to 0.2%); this could be the

result of previous processing and refinement.

- 96 -
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The toxicity of feeding low levels'of cyclic monomers has been
demonstrated in laboratory’expefiments with animals. Iwaoka and Perkins
(1976) in experiments with rats showed that the“incorpofétlon of low
levels (0.15%) of purified cyclic fatty acid methyl esters (methyl
w(2-alkyl cyclohexadienyl) carboxylic acids) in diets which cdntaiﬂéd 8%

or 10% protein and 15% corn o1l caused depressed growth and fatty livers

due to the accumulation of lipid. Further studies by these authors {1978):

showed that feeding the same levels of cyclic fatty acid methyl esters

[

resulted 1n decreased lipogenesis in the livers of rats which were fed 8%

and 10% protein and elevated lipogenesis in the adipose tissue of ratsn‘
which were fed 10% protein diets.

The present study deals with the determination of cyclic monomers
in thermally oxidized butterfat and butterfat fractions as well as 1n
certain vegetable o1ls. Although butterfat is used extensively in food
preparstion, little is known about the composition of the nonvolatile
products of thermsl oxidation and in psrticular, the occurrence 0% cyclic

monomers in thermally oxidized butterfat.

S ¥

<’4féy . o '
i
: ,
:

2. EXPERIMENTAL -

2.1 Fat and 0il Samples

Anhydrous butterfat was prepared from fresh summer (September)

butter (Cooperative Agricole de la Cote Sud, Quebec). The anhydrous:

butterfat was fractionated at 29 and 199C by crystallization from molten



‘
»

' (Montreal ).

. modifications.

pre’\?iously (Chapter 111).

market

o

fat to yield solid (5) and liquid (L) fractions’ at each temperature, The

¢

preparation of anhydrous buiterfat, ‘the fractionation procedure, and theJ

9

chemical and physical, characteristics of the fractions have been described

4

° Sunflowerseed 011 (Safflo, CSP Foods Ltd., Saskatchewan) and corn

o

011 (Mazola, Best Foods, Montreal) were purchased from a local §uper~

1

Canola oil and: soybean 0il were obtalned from Canada Pag:kers Ltd.
«*

None of the vegetable oils contained any preservatlves.

8
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2.2 Thermal "Oxidation Procedure,
"'l’ N v 4

L]
5 ”4")3
Pe

; | A contlnudus heat treatment was used by whlch 109 g samples of

anhydrous fat or o1l were placed in round bottom flasks and maintained at
185 + 20C for B or 16 h in the presence of ait (30 ml/min); the method

- <t

has been described previously (Chapter V).

2.3 Determination of Cyclic Monomers )

"

The technique which was used for the determination of . cyclic k

monomers was a modification of the procedure which was described by

© Meltzer et al. (1981); the procedure involved the following steps:

©

o

2.3.1 Preparation of methyl esters

Methyl esters of the heated fats and 0oils were prepared by the

IUPAC Method 2.301 (4.2) for acid oils and fats )(I“UPAC, 1979) with minor

—

Approximately 1 g of anhydrous lipid was heated under

3
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reflux for 15 min with a sodium methylate solution (i g Na per 100 ml
' anhydrous methanol; 10 ml).- Methanolic hydrochloric acid solution (1 N;
13 ml) was then added snd heating was continued foryan additional 10
minutes. The flask was cooled under running water and the mixture was
transferred to a separatory funnel with the aid of distilled water (25 °
ml). The methyl esters were extracted twice with hexane (8 ml).
The hexane extracts were combined and then washed several times with
distilled water. The resultant hexang solution was dried over anhydrous

sodium sulfate, filtered, and the hexane was evaporated under a stream of

- nitrogen.

N—

:

2.3.2 Micro-hydrogenation of methyl esters

The fatty acid methyl esters (50 mg)‘wére dissolved in ethyl

acetate (10 ml) and hydrogenated (platinum oxide, 50 mg) using a
micro-hydrogenation unit supplied by Supelco (Bellefonte, Pennsylvannia).
The hydrogenation proceeded for approximately 3 hours, or until the
ﬂhydrogenation was complete. The hydrogenation mixture was flushed with
‘nitrogen and filtered (Whatmsn 44 paper) to rem?ve as much catalyst as

possible. Remsining catalyst was removed by filtration of the solution a

second time through a Millex HV filter (Waters Scientific, Milford,

Massachusetts). The ethyl acetate was evaporated using a stream of

nitrogen and the hydrogenated methyl esters were weighed.

2.3.3 Concentration of cyclic monomers by urea fractionation

The method of urea adduction (Firestone et al., 1961) followed
by low temperature filtration was used to remove the bulk of the saturated

linear fetty acids and hence to concentrate the cyclic fatty acids. A
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mixtﬁre of” hydrogenated.methyl esters (1 part), urea (3 parts), and
methanol (70 parts) was warmed on a hot plate to ac;ieve complete
dissolution.of the solid material; the mixture was held at -20°C for at
least 18 hours to enhance complexation. The mixture was then filtered at
-a?Ob using a sintered glass funnel (Kimax 60 ml - 40M) which was__ I
modified so that‘e glass Jackéx surrounded the funnel. A mixture of dry
ice arid acetone was placed in the jacket to mai;tain a temperaturg/gf;
-470C througﬁout the filtration. The methanol was evaporated and i
diethyl ether (4 x 5 ml) was used to Extrﬁct the hydrogenated methyl
esters. The diethyl ether was évaporated and the methyl esters were
redissolved in hexane (1 ml) which contained a known quantity of internal
standard (methyl undecancate; NuChek Prep., Llysian, Minnesota).

2.3.4 Gas Chromafography - Mass Spectro&etry (GC-MS):

The concentrated samples which were obtained by urea fractionation
were analyzed using a Hewlett Packard GC-MS system; the éystem consisted

of a 5890A Gas Chromatograph, a 5970 Mass Selective Detector, a 7946

‘Control System and a methyl-silicone cross-linked capillery column (0.2 mm

ID x 12 m; 0.33 py film thickness) which was directly coupled with the
source of the mass spectrometer. An aliquot (1 pl) of the héxane solution
was injected (splitless mode)-at 2700C. The GC oven temperature was

held at 609C for 1 min and then 1t was programmed in 3 stages as

follows: first, from 600C to 160°C at a rate of 109C/min, then from _
1609C to 220°C at 5°C/min, and finally from 220°C to 290°C at

159C/min. The mass spectrometer parameters were fixed automstically.

All spectré were obtained st 70 eV in the electron 1mpact ionizetion mode. .

S~
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2.4 Fatty Acid Analysis
®

The preparation of methyl esters and the determination of fatty
acid composition by capillary-column gas liquid chromatography was des-

cribed in Chapter I1I. ’ .
. > 3. RESULTS AND DISCUSSION

The totgl quantities of C18 cyclic fatty acid methyl esters in the
various butterfat and vegetsble oil samples are reported in Table 24. In
all insgances, the values reflect the sum of several Cl8 cyclic monomers
with either propyl or butyl substituents. After both 8 and 16 h of heat w
treatment, all of the vegetable oil samples contained higher amounts of
cyclic monomers combared to the butterfat samples. This would be expected

because of the relative abundance of polyunsaturated fatty acids in the

-

vegetable o1ls compared to the amounts present in the butterfat samples
(Table 25). To the authors' knowledge, there are no reports in the
literature of the formation of cyclic monomers from pure systems of
sa;urated or monounsaturated fatty acids. Among the vegetable oils, the
thermally oxidized ;orn oil had the lqwest amount of cyclic monomers;
there was very littlé difference between the amounts of cyclic monomers in
“the sunflowerseed, soybean, and canola oils (Table 24). Whole butterfat
and the L-19 fraction from butterfat contained similar amounts of cyclic

Mmonomers (Table 24); the S-29 fraction had slightly lower values,

{ especially after 16 h of heat treatment. Overall, the values reported for

@ the vegetable oils are within the range reported BY other workers (Gente
and Guillsumin, 1977; Meltzer et al., 1981; Frankel et al., 1984);

°
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Table 24. Cyclic Fatty Acid Monomers in Thermally Oxidized Butterfat,
Butterfat Fractions and Certain Vegetsble Oils.

L

0il - Heating period Total Cl8 cyclic fatty
(h) acid methyl esters (%)
Whole butterfat 8 0.039 (+ 0.001)8
: 16 0.061 (% 0.003)
S-29°Fractgon of k 8 ‘ 0.035
butterfat 16 0.048- (+0.005)
L-19 Fraction of 8 - '0.038  (+ 0.005)
butterfat - - 16 ¢ 0.061 (+ 0.003)
Sunflowerseed o0il 8 ’ ] - 0.1 (+ 0.014)
- 16 : 0.18 (+ 0.052)
Soybean oil .8 0.13  (+ 0.007)
- : 16 0.21
Canola 0il =~ . . ' 8 R 0.14  (+ 0.003) 4
16 0.21 (¥ 0.001)
. i : ' (=
Corn oil o 8 \ 0.060 (+ 0.007)
_ 16 0.13 (¥ 0.001)
{ ! ~
8 The deviation is the average-deviation from the mean of one sample, i'e

analyzed in duplicate.

b Fraction designation indicates physical state (solid, liquid) and
" fractionation temperature (°C).
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Table 25. Fatty Acid Composition of the Unheated Butterfat, Butterfat Fracfions and\Vegetable
0ils Which Were Used in the Study.

-

Methyl esters (Wt %)

Fd

Fatty acid Whole 5-29 L-19 Sunflowerseed Soybean Canola Corn
butterfat® Fractiopb fractionb oil®@ oil® oil8d oila
Saturated 66.73 72.28 64.69 10.74 15.07 7.43  12.99
Monounsaturated 27.36 22.36 29.06 18.00 22.66 58.16 26.83
€18:1 23.86 19.44 25.21 18.00 22.57  55.69 26.83
Other 3.50 2.92 3.85 - 0.09 2.47 -
Polunsaturated ° 2.36 F 1.92 2.70 70.90 61.86 34.17 60.17
C18:2 157 . L.33 1.82 ' 70.69 53.17  24.46. 59.47
C18:3 0.79 ' 0.59 0.88 .21 8.69 9.73  0.70
Other 3.55 3.44 -3.55 0.35 0.42 0.24 -

{
8 Each value represents the mean of one sample, analyzed in duplicate.

b Each value represents the mean of 3 replicate samples, analyzed in duplicate.

\

o
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direct comparisons cannot be made’, however, duénto°differences in heat

i o

treatments and analytlcal methods }pag have been used by’ the various

1nvestlgators . v .

<

In a previous study (§en€§ and Guillaumin, 1977) of cyclic, monomer

formation in heated vegetable“oilé, estimations were made by direct gas

u

chromatographic (GC) analysisoof the hydrogenatedﬁfatty acid methyl

esters. The components whith eluted after methyl stearate but prior to

A=

-

methyl eicosanoate were con;idegéb‘tohbelthg cyclic’monomers. Meltzer et
al. (198l1) found that at low levels «of cyélic monome;s (less than 0.5%)

it was:- necessary to concentrate the sémﬁles by low temperéture
crystallization of the hydrogenated fatty .acids before sccurate
estimations could be made. Again, the final estimation of cyclic monomers

.

by these authors, was performed by GC analysis (flame ionization detector)

¢

taking into account -the peaks which eluted between C18:0 snd C20:0 on the

basis of retention time; it was confirmed by GC-MS anelysis that the peaks

which ekuted between C18:0 and C20:0 contained many isomers (some of which

. were not fully resolved) of Cl8 cyclic monomers. In the present study, it

was also necessary to concentrate the samples for detection and estimation

of cyclic monomers; a urea fractionation technique was used. The

estimation of cyclic monomers, however, was performed directly from the

total ion scans (ion range 50 to 300 a.m.u.) obtained by the mass
selective detector. Only the peaks which were identified to be cyclic
monomers by selective ion.monitoring (SIM) were included in the
calculations. This was necessary in the analysis of butterfst samples
because of the complexity of the composition of fatty acids in bLtterfat.

Unheated butterfat is known to contain small or trace quantities of
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_several branched chain fatty acids and at least one cyclic acid (Patton

-

14

and Jensen, 1975). These are concentrated along with the cyclic‘ﬂpnomersv
by urea fractionastion and can elute from the GE column in similar

. positions as the cyclic monomers.
-7 Figure 15-shows the GC-MS identification of cyclic monomers®in a ’
thermally oxidized S-29 fraction of butterfat. Methyl undecanoate was
selectéﬁ as an-internal standard since it eluted iﬁ a region of the

chromatogram which was relatively free from interfering peaks. Identifica-

tions of cyclie acid peaks were made by ‘computer-sssisted plots of
selected ions which were reported by Meltzer et al. (1981) as being
- *  characteristic of cyclic acids with propyl or butyl substituents (Fig. ®
u 16). Cyclic acids with a propyl branch were thus identified by plotting
. , characteristic ions at m/z 296 (M+), 253 (296 - C3Hy), 221 (296 -
C3Hy, CH30H), and 203 (296 - C3H7, CH30H, H0). Cyclic
‘acids with a butyl branch were identified by a characteristic ion at m/z
189 (296 - Cg4Hg, CH30H, Hp0) rather than at 203. If these
k agsumptions are correct, there are two or three cyclic acids with a butyl
. o chain present (Fig. -15(b), Fig. 17). Whether the ring cogtains%less than
6 carbons or if there is branching present on theeside ch;in could not be
iR determined from the mass spectra which were very similar (dsta not
gshown).* These compounds would need to be. isolated for further
characterization. L

3

- ’ ‘ .~ Some major differences ochrred between the analysis of cfclic M- ./
monomers in butterfat and in vegetable'oils.“ In two of the saﬁéles (sun- :
flowerseed oil and corn 0il), one of the cyclic ‘acids with s butyl side P

chain (peak D) eluted from the GC column along with the propyi‘branched,
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cyclic acid (peak B) as was indicated by the SIM analysis (F}gure 17).
With the butterfat samples, the first cyclic acid with a butyl chain (peak
A) was present i1n trace amounts. A compound (Fig.l5(b), peak E) which
interfered with this cyclic acid in the butterfat samples was identified
as ll-cyclohexylundecanoic acid (M+ 282); the mass spectrum w;; identical
to the one given by Schogt and Haverkamp Begemann (1965) for this cyclic
acid which was 1solated from butter (F1g.18). There was also a methyl
ester of a branched chain fatty acid with 20 carbon atoms (Fig.19) which
eluted in the same region as did the cyclic scids in the butterfat samples
(Fig.15(b), peak F); chain branching was easily determined by the
characteristic ions at m/z 101, 171, 241 and 311 which éorresponded to the
sites of cleavage at the‘points of branching. If there was no methyl!
group at C3, the 1on at m/z 87 would appear, rather than the ion at m/z
101. This branched chain fatty acid (3,7,11,15 - tetramethylhexadecanoic
acid) was 1solated previously from butterfat by Sonneveld et al. (1962).

The whole butterfat (unheated) was analyzed (data not shown) to
determine whether or not Cl18 cyclic %onomers existed in the fat prior to
thermal oxidativewgreatment. The GC-MS analysis confirmed the presence of
both ll-cyclohexylundecanoic acid and 3, 7, 11,15 - tetramethylhexa-
decanoic acid in the unheated butterfat sample. No Cl8 cyclic fatty écids
were detected in the unheated butterfat.

In summsry, the present study has shown that C18 cyclic fatty
acids do not occur in unheated but terfat but they are formed in butterfat
and fractions‘;} butterfat as a result of heating ,(1850C, 8 or 16 h) in

the presence of air. .The levels:'at which these compounds are formed,
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‘however, are considerably lower than the amounts which were detected in

\

vegetable oils which were treated under identical conditions (Table 24).

It 1s reasonable to expect that only the polyunsaturated fatty acids give
rise to cyclic monomers; thus, the levels at which these compounds can
form in butterfat as a result of heating is limited by a low level of
polyunsaturated fatty acids in the fat (Table 25). The cyclic monomer

fractions in all of the samples were 1dentified by GC-MS to contain

“primarily disubstituted Cl8,cyclic acids with butyl or propyl

substituents. It has not been established whether these cyclic acids
occurred as free fatty acids or as constituents of glycerides. The method
of agalysis also did not permit the number and location of double bonds in
the structures to b€ established. The data obtained from the analysis of
the unheated and heated butterfat samples clearly demonstrate the
importance of mass spectrometry in the ldenti;icatlon of cyclic monomers
in complex fats. Unless the components of the sample are adequately
resolved (by a capillary column) and accurately identified by GC-MS, the
amounts of cyclic monomers in heated butterfat may be overestimated
because of the naturally occurring cyclic and branched chain fatty acids

which can elute in the same region of the chromatogram as do the Cl8

cyclic acids.

Y
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' GENERAL DISCUSSION AND DIRECTIONS

\

. FOR FUTURE RESEARCH . g

In the investigations reported in this thesis, the thermal oxida-
tive behaviour of butterfat was compared to that of certain vegetable
oils, i.e., soybean, sunflowerseed, canola and corn oils87 Butterfat was
stLdied because of its importance 4s a foqg fat and the lack of infoyma—
tion in the literature regarding its thermal oxidative behaviour. In
addition, a procedure was developed for the fractionation of butterfat and
the thermal oxidative behaviours of the resultant fractions (solid and
liquid) were studied. These fractions might find use 1n various food
applications and thus, information about their thermsl oxidative stability
compared to that of whole butterfat, 1s important.

The technique which was devised for the fractionation of -butterfat
(Chapter I11) involves two distinct processing steps: (i) the partial
crystallization of molten butterfat under controlled conditions of time,
cooling rate and agitation to yield a mixture of large crystals suspended
in liquid oil, and (ii) separation of the solid and liquid fractions by
vacuum filtration using a specialized apparatus. Experiments are reported
in Cﬁapter II1 which describe the fractionation of winter butterfat at 29,
26, 23 and 19°C and summer butterfat at 29 and 190C. The technique
was reproducible, yielded fractions which differed markedlx/ln thelr '
chemical and physical characteristics, and the processing steps did not

cause oxidative deterioration in the resultant fractions. Subsequent

- N3 -
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thermal oxidatiQp experiments were performed on the fractions obtained at
29 and 199C. The 5-29 and L-19 fractions possessed the widest possible
differences in chemical and physical characteristics which are attainable
when butterfat 18 Fggctlonated by crystallization from molten fat and in
general, there wégé'ho significant differences in fatty acid compositions
between fractions obtained at 29 and 269C and between those obtained at’
23 and 199C (winter butterfat experiments). '

The results of the thermal oxidation experiments (Chapter IV, V-
and VI) indicated that butterfat and the fractions of butterfat are much
more stable to thermal oxidation than are canolé, sunf lowerseed-and

soybean o1ls. ,This was evidenced by substantially higher contents of

inter- and intramolecular polymérs, total polar components, and C18 cyclic

- monomers in the vegetable oils than in any of the butterfat samples after

both 8 and 16 h of heating at 1850C. The corn oil also exhibited a high '
degree of stability after 8 h of heating when the levels of 1inter- and
intramolecular polymers, and total polar components are considered
(Chapters IV and V). The corn oil, however, contained higher levels of
C18 cyclic fatty acids (after both 8 end 16 h) than did any of the
butterfat samples (Table 24). As stated earlier, the results of.the corn
oil which was heated for 16 h are somewhat uncertain due to the presence
of a very viscous and dark coloured material yhlch could not be removed
from the inner walls of the oxidation flask. This material represented 2
- 3% of the original weight of the sample and was believed to contain

highly polymerized oil.
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There is no doubt that aalérge part of the differences observed in
thé thermal oxidative behaviours of the butterfat sample; in comparison to
the soybean, sunflowerseed and canola oils stem from basic differences in
the fatty acid compositions of the unheated fats and oils (Tables 8—11,‘16

——

and 25). From studies of pure systems of triglycerides or fatty acid

" esters, it is known that the oxidative stability of polyunsaturated fatty ™ ——

acids is considerably lower than that of monounsaturated fatty acids which
are in turn less stable than saturated fatty acids: In fats and oils,
however, Jhere a variety of fatty acids are arranged as triglyceride; aﬁd
other components are present (e.g., unsaponifia?le components), other

factors are also importent in determining the thermal oxidative stability

as was indicated from the results with corn oil (8-h heat treatment) and

1

the L-19 butterfat fractions.

/The high degree of stability of corn oil during 8-h of therpal
gxidation—could be due to'the action of naturally occurring antioxidants
during the early stages of heating. Corn oil contains a relatively high
tocopherol content (in mg/kg of o1l: &, 191; B8, trace; ¥, 942; 6, 42) and
very small amounts of another antioxidant component, ferulic acid
(Sonntag, 1979). Further studies are needed to determine the composition .
of vitamins in the fats and oils which were used in the present \
investigations and their relationship to the thermal oxidative behaviour
of the fats and oils.’Yoshida and Alexander (1982) have shown that corn
oil is degraded to the same extent as sunflowerseed oil and more than

t

soybean oil by thermal oxidation at 180°C for 50, 70, and 100 h (based

on total polar components). The heating times in this study were much

longer than those used in the present experiments and could account for

o
55
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the differences in the results of the two studies. It is possible that if

rfthe fats a&éﬁ;ils in the’present study, were heated beyond 16 h, the

~

extent of degradation of the corn oil would have reached that of the other

~

vegetable oilg, while the degradation in the butterfats would start to

level off. Ther ‘is some indication of this F?om the results (Tables 15

and 24) which showed larger differences between the 8- and 16-h corn oil

data than between the 8;hand 16-h butterfat data.

Wig% the wintér butterfat samples, after 8 h of.thermal oxidation,
both the solid and liquid butterfat fractions exhibited more stability
toward intermolecular polymerization than did the whole butterfat (Table
17). After 16 h of heating, however, tée extent of intermolecular
polymerization incfeased with increasiné degree of unsaturatién of the
fat. With fhe summer butterfat samples, the degree of intermolecular
polymerization was related to the degree of unsaturation of the fat, after
both 8 and 16 h of heat treatment. When the total polar components in the
heated fats Qere assessed, however, the liquid fractions obtained from the.
summer butterfat showed some stability to thermal oxidation (after both 8
and 16 h) as compared to the whole butterfat (Table 21). The whole
butterfat gontained a higher proportion of oxygenated “triglycerides and

hydrolysis products in its degradation products while the liquid fractions

contained a higher proportion of polymeric triglycerides in their

-degradation products. Thus, consideration of only one indicstor of fat

deterioration such as the amounts of polymeric triglycerides in the heated
fat may not give the complete picture. The amounts of Cl8. cyclic fatty
acid monomers were the same in the whole summer butterfat and the liquid

butterfat fractions. .- ..

s ' o -
. ©
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TBe greater stability of the solid butterfat fractions to thermal
oxidation compared to the whole butterfat wes most likely the result of
the lower degree of unsaturat;on of the solid fractions and their greater
c;ntent of trisaturated glycetides (Chapter II1). The stability of the
liquid fractfbns, however, was most likely the result of the presence of
an "entioxygenic" factor or naturally occurring antioxidant(s) which
become(s) concentrated in the liquid fractions by the fractionation
process. It is not possible to state from the results of the present

experiments what the nature of this antioxidant or "antioxygenic" factor

might‘be. Further research is needed to characterize the component(s)
responsible for the high degree of stability of the liquid fractions and
to elucidate its mode of action. ‘
V{tamin A and B - carotene are known to be concentrated in the
liquid fractions during fractionation of batterfat (Norris-et al.,
1971). There are contradictory reports in the literature, however, on
whether these compounds are antioxidative, prooxidative, or without effect
on butterfat ogidation (Dugan, 1980; Eriksson, 1982). ,
Several other components of milk or milkfat are believed to have
antioxidant properties; these include phospholipids (Pruthi et al., 1970
and'l97i; Bector and Narayanan, 1972), sulfhydryl groups (El-Rafey et
al., 1944; Taylor and Richardson, 1980), casein (Taylor and Richardson,
1980) and browning reaction (carb;nyl—amine reaction) products (Dugan,
1980; Eriksson, 1982). The effects of these components are; however, mere
important when the fat exists in milk or when the processing conditions
favour their transfer to anhydrous milkfat or butterfat. In the presenl

study, the process which was use€d to isolate anhydrous butterfat from
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butter included minimal heat treatment and did not favour the presence of

Lo

residual non-fat solids in the butterfat. Also, the phosgholipid content

is greatly reduced in butterfat during the buttermaking process (Lampert, .

"1975). R

One class of compounds which occur naturslly. in butterfat and
would be of interest to stddy with respect to possible antioxidant

activity, are the lactanes. ‘Lactones are important contributors to milk

flavour. They are formed in butterfat from the ¥~ and J‘hydroxyacids and

their formation is greatly enhanced at elevated temperature (Urbach, -
1979). According to Walker (1974), the precursors of lactones and | -
methylketones are mainly‘transferred to the low-melting fraétidﬁs during
butterfat fractionation. Dzieq;icﬂand Hudson (1984) demonstrated that | .
phenolic lactones (e.g., aesculetin) when added to edible oils, possess

some antioxidant character. Essential molecular fé;tures of the ;;méounds
which were studied by Dziedzic and,ﬂuﬁson (1984), which contributed to'a
High level of antioxidant ac¢tivity included: (i) at leasst two or more
nefghbouring phenolic hydroxyi groups, and (ii)'a carbonyligroup, in the

form of an aromatic acid, .ester or lactone, or a chalcone, flavanone or

flavone. The lactones which form in butterfat do not -meet the first

N -
]

criteria, hg@ever, they may become hydroxylated during thermal oxidative -

. reactions. . -

e
4

Bhalerao et al. (1959) essessed the nutritional value of
thermally oxidized butterfat fractions obtained by crystallization from
acetone or alcohol and, of certain vegetable oils. The suthors fed
thermally oxidized (200°C for 24 h) butterfat, acetone or alcohol-

soluble end insoluble fractions (0 and 209C) of butterfat, corn oil or

.
-3 * g
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_hydrogenated soybean oil to.rats for a'four week period. _The animals
o . ﬁa?ﬁ
which were fed the thermally oxidized butterfat or the acetone-insoluble

fraction of butterfat did not‘g;hibit'any differences in growth when

i

compared with animals which were fed the corresponding fresh fats. The __—

. alcohpl-égluble or alcohol~-insoluble fractions of butterfat produced
k

'slight growth depression while marked growth depressions were obsérvea in
*

rats consuming the acetone—sglubie fraction of butterfat or the vegetable

oils. When the vegetable oils were mixed with 30% of the acetone-

insoluble fraction before thermél oxidation, there was no difference in :

.

- the growth of rats compared to those consuming fresh fats. The authors -~

concluded that butterfst contains relatively stable triglycerides (such as

-

trisatureted glycerides) which are acetong—insoluble and %hich are able to
2?unteract the ;ffect%’of tpkic broduéts or prevgnt the formation of toxic
produczs during ﬁeating. fFrom the knowledge-that hascbeen accumulated
about the toxic components in heated fats and oils since thé Bhalefao et
=L al. (1959) study, it is reasonable to assume that the to;ic effectsnof
the heated oils were related to the levels ;f eyc{ic monomers in the
oils. The“p}esént study has shown that the content of cyclic monomers in
"Epe thermally oxidized S-29 fractions is slightly léwer than that of the
/i—l9 fractions qr whole butterfat which were treated under similar 'gﬁ
conditionsi(Table(24). All of the butterfat samples had considersbly
lower contéﬁts of cyclic monomers compared to the vegetable oils (Table
"~ 28). The differences between the sblid and liquid fractions in the
o OO
present study are not as pronounced as if fractions from acetone

__ e . crystallization had been studied since the latter procedure yields a

- clearer separation between solid and liquid fractions. It is possible

‘.
Pt - '
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that in the Bhalerao et al. (1959) study, the absence of toxicity \

) y
symptomsg which were observed when the acetone-insoluble fraction was

hY

blended with the vegetable oils prior to thermal oxidation, was purely due

to a "dilﬁtion-effect" whereby the level of polyunsaturated fatty acids in
. o ) —_

the blended oil which were available for cyclic monomer formation, were

reduced. Further research is needed tq assess the gutritional value of

rd

the thermally oxidjzed fats and oils used in the present study. o
j The resuits from the present experiments, although they provide o
valuable comparisons between the effects of thermal oxidation o}\ the
constitutionvof but terfats and vegétable oils, cannot be extrapo%ated to
the frying of foods since many other factors come into play when fFood is
either pan fried or deep fried. Further studies are needed to assess thé
thermal oxidative behaviour of butterfat ar@ butterfat fractions in actual
frying experiments. ° o’
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methodologies are described for the analysis of polymeric material and of

CLAIMS T0 ORIGINALITY » 'e

° '

The studies cgntained in this thesis make severa®contributions te, ¢
original knowledge.

From the point of view of‘mbthodology, a uniquermethod for th;
fractionation of butterfat by crystallization from molten fat has been
devised. The/technique is practical, repfoducible, gnd yields -fractions -
which differ markedly in their physical and chemical characteristics. In

addition, the fractions are representative of those which could be

obtained on a commercial scale. Thus the results of analyses (fatty acid

~and triglyceride analyses, thermal examinations by differential scaﬁning

calorimetry, melting point, iodine valde and peroxide value) of the
fractions obtained by this technique and the study of their thermal
oxidative stability are meaningful and contribute to original knowledge.
Advantageous modifications h;ve been introduced {; the
methodologies used for the evaluation of the thermal oxidative behaviour

of vegetable oils and in the application of these methodologies to the

study of thermally oxidized butterfat and butterfat fractions. Improved

Cl8 cyclic monomers in thermally oxidized fats and oils.

This is the first comparative séudy of the effects of thermel
oxidation on the constitution of butterfat, butterfat fractions and
certain vegetable oils (soybean, sunflowerseed, canola and corn oils); To-
the authors knowledge, there are no previous reports in the literature on
the thermal oxidative behaviour of butterfat fractions. furthermore, the
studies which have dealt with the thermal oxidative behaviour of whole

butterfat have concentrated primarily on the volatile decomposition

‘ 1
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pro&ﬁcts; The present investigations deal with the nonvolatile degrada-
~ti;n products which are formed during the thermal oxidation of butterfat.
This is the first demonstration, to the authors' knowledge, that
the: greater stability of butterfat to thermal oxidation compared to that
o " of ;égetable oils is not only due to the greater degree of saturation of
butterfat but also to another factor(s) or component(s) as would be
indicated from the results with the butterfat fractions in comparison to
whoie butterfat. This factor or component is concentrated in the liquid
fractions during’fractionation and thus contributes to & comparatively
“high degree of stability of the liquid fractions despite their in&reased
unsaturation. .
This is the first demonstration, to the authors' knowledge, that
differences exist in the major routes of decomposition of solid and liquid
butterfat fractions during thermal oxidation. Polymerization is a
Aredominant decomp;sition pathway in liquid butterfat fractions while

oxidative and perhaps hydrolytic reactions are more important in solid

butterfst fractions.

Wy



REFERENCES

Alexander, J.C. 1981. Chemical and biological properties related to
toxicity of heated fats. J. Toxicology and Environ. Health 7: 125.

Amer, M.A. and Myhr, A.N. 1973. Modification of butter to improve low
temperature spreadability. Can. Inst. food Sci. Technol. J. 6: 261.

Amer, M.A. and Myhr, A.N. 1974, Oxidative stability to light and high
temperatures of butter product containing sunflowerseed o1il.
Can. Inst. Food Sci. Technol. J. 7: 59.

ADCS. 1980. "Official and Tentative Methods of' the American 0il Chemists'
Society," 3rd edition. The American 0il Chemists' Society,
Champaign, Illinois. .

Artman, N.R. 1969. Chemical and biological properties of: heated and
oxidized fats. Adv. Lipid Res. 7: 245,

Artman, N.R. and Smith, D.E. 1972. Systematic isolation and
identification of minor components in heated and unheated fats.
J. Am. 0il Chem. Soc. 49: 318.

@

Badings, H.T., Schaap, J.E., deJong, C., and Hagedoorn, H.G. 1983a. An
analytical study of fractions obtained by stepwise cooling of melted
milk fat. 1. Methodology. Milchwissenschaft 3B8: 95.

Badings, H.T., Schaap, J.E., dedong, L., and Hagedoorn, H.G. 1983b. An
analytlcal study of fractlons obtained by stepwise cooling of melted
milk fat. 2. Results. Milchwissenschaft 38: 150. ‘

Baker, B.E., Bertok, E., and Samuels, E.R. 1959. Studies on milk powders.
III. The preparation and properties of milk powders containing
low-melting butter orl. J. Dairy Sci. XLII: 1038.

Bhalerao, V.R., Johnson, 0.C., and Kummerow, F.A. 1959. Effect of thermal
oxidative polymerization on the growth-promoting value of some
fractions of butterfat. J. Dairy Sci. 42: 1057.

Biernoth, G. and Merk, W. 1985. Fractionation of butterfat using a
liquefied gas or a gas in the supercritical state. United States

Patent 4,504,503,

!

- 123 -




)

' i et
K

-126 - )

Billek, G., Guhr, G., and Waibel, J. 1978. Quality assessment of used
frying fats: A comparison of four methods. J. Am. 0il Chem. Soc.
55: 728. -

5

Billek, G. 1979. Heated oils - chemistry and nutritional aspects. Nutr.
Metab. 24(Suppl. 1): 200.

H

Black, R.G. 1973. Pilot-scale studies of milk fat fractionation, ~
Aust. J. Dairy Technol. 28: 116

Black, R.G. 1975. Partial crystallization of milk fat and separatton of
fractions by vacuum filtration. Aust. J. Dairy Technol. 30: 153.

Bracco, U., Hidalgo, J., énd Bohren, H. 1972. Lipid composition of the
fat globule membrane of human and bov1ne milk. J. Dairy Sci.
55: 165.

Brodnitz, M.H., Nawar, W.W., and Fagerson, 1.S5. 1968a. Autoxidation of
saturated fatty acids. I. The initial products of autoxidation of
methyl palmitate. Lipids 3: 59.

Brodnitz, M.H., Nawar, W.W., and Fegerson, [.S5. 1968b. Autoxidation of
saturated fatty acids. II. The determination of the site of
hydroperoxide groups in autoxidizing methyl palmitate. Lipids 3:
65.

Brunner, J.R. 1974. Physical equilibria in milk: The lipid phase. In
"Fundamentals of Dairy Chemistry," ed. B.H. Webb, A.H. Johnson, and
J.A. Alford, p. 495. The AVI Publishing Co., Inc., Westport,

Connecticut.

Chang, 5.5. and Kummerow, F.A. 1953. The volatile decomposition products:
and organoleptic properties of the oxidative polymers of linoleate.

J. Am. 0il Chem. Soc. 30: 251. .
-
Chang, S5.S., Peterson, R.J., and Ho, C.-T. 1978. Chemical reacbions -
involved in deep-fat frying of foods. J. Am. 0il Chem. ?pc. N
55: 718.

Chen, P.C. and de Man, J.M. 1966. Composition of milk fat frai ion
“ obtained by fractional crystallization from acetone. Q,y{? Sci.
49: 612.



- 125 - -

” B
1

4
Christopherson, S.W. and Glass, R.L. 1969. Preparation of milk fat methyl

esters by alcoholysis in an essentially nonalcoholic solution.
J. Dairy Sci. 52: 1289.

[y

Colombini, M., Venoni, M.C., and Amelotti, G. 1979. Contribution to the
w knowledge of fatty acids in butter and beef tellow crystallized
fractions under lapse rate. Riv. It. Sost. Grasse 56: 421.
< .
Coombs, G.W., Kaye, D.A., and Parodi, P.W. 1965. Preliminary observations
on the possible advantages of butterfat in cooking. New Zealand
J. Sci. 8: l44.,

Crampton, E.W., Common, R.H., Farmer, F.A., Wells, A.F., and Crawford, D.
1953. Studies to determine the nature of ‘the damage to the
nutritive value of some vegetable oils from heat treatment. II1I.
The segregation of toxic and non-toxic material from the esters of
heat-polymerized linseed o0il by distillation and by urea adduct
formation. J. Nutr. 49: 333.

‘Crampton, E.W., Common, R.H., Pritchard, E.T., and Farmer, F.A. 1956.
Studies to determine the nature of the damage to the nutritive value
of some vegetable oils from heat treatment. IV. Ethyl esters of

» heat-polymerized linseed, soybean and sunflower seed oils.
J. Nutr. 60: 13.

\

Crossley, A., Heyes, T.D., and Hudson, B.J.F. 1962. The effect of heat on
pure triglycerides. J. Am. 0il Chem. Soc. 39: 9.

Crnjar, £.D., Witchwoot, A., and Nawar, W.W. 198l. Thermal oxidation of a
series of saturated triglycerides. J. Agric. Food Chem. 29: 39,

de Man, J.M. 1961. Physical properties of milk fat. II. Some factors
influencing crystallization. J. Dairy Res. 28: 117. !

/ de Man, J.M. 1968. "Modification of milk fat by removal of a high melting
glyceride fraction. Can. Inst. Food Sci. Technol. J. 1: 90.

de Man, J.M. and Finoro, M. 1980. Characteristics of milk fat
fractionated by crystallization from the melt. Gen. Inst. Food Sci.

Technol. J. 13: 167.

R . SO S it S T S U T SN Y S




- 126 -

\

Dugan, L.R. 1980. Natural antioxidants. In "Autoxidation in Food and
Biological Systems," ed. M.G. Simic and M. Karel, p. 261. Plenum
Press, New York. :

Dziedzic, S.Z. and Hudson, B.J.F. 1984. Phenolic acids and related
compounds as antioxidants for edible oils. Food Chem. 14: 45.

s}

Endres, J.G., Bhalerao, V.R., and Kummerow, F.A. 1962. Thermal oxidation
of synthetic triglycerides. 1. Composition of oxidized
triglycerides. J. Am. 01l Chem. Soc. 39: 118.

Eriksson, C.E. 1982. Lipid oxidation catalysts and inhibitors igs raw
material and processed foods. Food Chem. 9: 3.

Evans, C.D., McConnell, D.G., Frankel, E.N., and Cowen, J.C. 1965.
Chromatographic studies on oxidative and thermsl fatty acid dimers.
J. Am. 0il Chem. Soc. 42: 764,

Figge, K. 1971. Dimeric fatty acid [1-14C] methyl esters.
. II. Preparation and rate of formation; thermsl isomerization of
monomers. Chem. Phys. Lipids 6: 178.

Firestone, D., Horowitz, W., fFriedman, L., and Shue, G.M. 1961. Heated
fats. I. Studies of the effects of heating on the chemical nature
of cottonseed oil. J. Am. 0il Chem. Soc. 38: 253.

Frankel, £E.N., Evans, C.D., and Cowan, J.C. 1960. Thermal dimerization of
fatty ester hydroperox18es. J. Am. 01l Chem. Soc. 37: 418.

Frankel, E.N. 1980. Lipid oxidation. Prog. Lipid Res. 19: 1.

Frankel, E.N. 1984. Lipid oxidation: Mechanisms, products and biologicsl
significance. J. Am. 01l Chem. Soc. 61: 1908.

J

frankel, E.N., Smith, L.M., Hamblin, C.L., Creveling, R.K., and
Clifford, A.J. 1984. Occurrence of cyclic fatty acid monomers in
frying oils used for fast foods. J. Am. 0Oil Chem. Soc. 61: 87.

Gente, M. and Guillaumin, R. 1977. Dosage des monomeres cycliques. - Rev.
fFr. Corps Gras. 24: 211. \ -



- 127 -

Gere, A. 1982. Studies of the changes in edible fats during heating and
frying. Nahrung 26: 923.

Gilbeft, J., Shepherd, M.J., Startin, J.R., and Eagles, J. 1981. Dimeric
epoxy fatty acid methyl esters: formation, chromatography and mass
spectrometry. Chem. Phys. Lipids 28: 61.

Grob, K. Jr., Neukom, H.P., and Battaglia, R. 1980. Triglyceride analysis
with glass capillary gas chromatography. J. Am. 0il Chem. Soc. 57:
282.

I

Guillaumin, R., Gente-Jauniaux, M., and Barbati, C. 1977.. Etude sur les
huiles chauffees. I - preparation et caracteristiques chemiques des
huiles ¢'arachide, palme, soja et tournesol chauffees a 220°C.

Rev. Fr.\Corps Gras. 24: 477.

Ll
“ - —
Hussain, S.S." and Morton, 0.D. 1974. Characteristics of oil absorbed by
fried products. KJ' Sci. Food Agr. 25: 1042.

Iwaocka, W.T. and Perkins, E.G. 1976. Nutritional effects of the cyclic
monomers of methyl linolenate in the rat. Lipids 11: 349.

Iwaoka, W.T. and Perkins, E.G. 1978. Metabolism and lipogenic effects of
the cyclic monomers of"methyl linolenate in the rat. J. Am.'0il
Chem. Soc. 55: 734.

IUPAC. 1979. "Standerd Methods for the Analysis of 0Oils, Fats and .
Derivatives," 6th edition (Part 1), ed. C. Paquot, p. 99. Pergamon
Press, Oxford.

Jensen, R.G. 1973. Composition of bovine milk lipids. J. Am. 0il Chem.
Soc.z 50: 186.

I

Jewell, N.E. and Nawar, W.W. 1980. Thermal oxidation of phospholipids
1,2-dipalmitoyl-sn-glycerol-3-phosphoethanolamine. J. Am. 0il Chem.
Soc. 57: 398.

Johnson, 0.C. Sakuragi, T., and Kummerow, F.A. 1956. A comparative study g
of the nutritive value of thermally. oxidized oils. J. Am. 0il Chem.
Soc. 33: 433,

9



&K

-
-

i

- 128 -

-

. Johnson, R.W. 1979. Dimerization and polymerization. In "fatty Acids,"

ed. E.H. Pryde, p. 343. The American 0il Chemists' Society,
Champaign, Illinois.

Kurtz, F.E. 1974. The lipids of milk: Composition and properties. In.
"Fundementals of Dairy Chemistry," ed. B.H. Webb, A.H. Johnson and
J.A. Alford, p. 125. The AVI Publishing Co., Ltd., Westport,
Connecticut.

. Lampert, L.M. 1975. ‘"Modern Dairy Products,” p. 30. Chgmical Publishing

Co., Inc., New York.

Larsen, N. E. and Samuelsson, E.-G. 1979. Shme'technological aspects on ’
- fractionation of anhydrous butterfat.” Milchwissenschaft 34: 663.

Lau, F.Y., Hammond, E.G., and Ross, P.F. 1982. Effect of randomization of
the oxidation of corn oil. J. Am. 0il Chem. Soc. 59: 407.

Lercker, G., Capella, P., Conte, L.S., and Pallotta, U. 1978. Sur
certains produits de transformation thermique des hydroperoxydes de
1'oleate de methyle. Rev. Fr. Corps Gras. 25: 227.

‘-

McGillivray, W.A. 1972. Softer butter from fractionated fat or by
modified processing. New Zealand J. Dairy Sci. and Tech. /rf'ffr>\~

e

Meltzer, J.B., Frankel, E.N., Bessler, T.R., and Perkins, £.G. 198l.
Analysis of thermally abused soybean oils for cyclic monomers.
J. Am. 0il ChemvSoc. 58: 779.

o

Michael, W.R. 1966a. Thermsl reactions of methyl linoleste. 1I. The
structure of aromatic C18 methyl esters. Lipids 1: 359.

Micheal, W.R. 1966b. Thermal reactions of methyl linoleate. |
II1I. Characterization of Cl8 cyclic esters. Lipids 1l: 365. 7

Micheal, W.R., Alexander, J.C., and Artman, N.R. 1966. Thermal reactions
of methyl linoleate. 1. Heating conditions, isolation techniques,
biological studies and chemical chenges. Lipids 1: 353,

N




—— ~ o

.L ‘ 1 - 129 -° ’ ‘l s

Miydshita, K., Fujimoto, K., and Kaneda, T. l982.l Formation of dimers -
during the initial stage of autoxidation in methyl linoleate.*
Agric. Biol. Chem. 46: 751l.

: : °

. - o

Mounts, T.L., McWeeny, D.J., Evans, C.D., and Dutton, H.J. 1970.

‘ Decomposition of linoleate hydroperoxides: precursors of. oxidative.
dimers. Chem. Phys. Lipids 4: 197. . . o

o
»

Mulder, H. and Walstra, P. 1974. "The Milk Fat Globule," P 33 CAB,
Farnham Royal and Pudoc, Wageningen. - . ‘

: i . - L4
Naudet, M. 1977. Constitution chemique des produits d'slteration
thermooxydative. Rev. Fr. Corps Gras. 24: 489. -

Nawar, W.W.-1985. Chemistry of thermal oxidation of lipids in "Flavor
Chemistry of Fats and Oils," ed. D.B. Min. and T.H. Smouse,rp. 39.
The American 0il Chemists' Society, Champaign, Illinois,,6 -

Noble, A:C., Buziassy, C., and Newar, W.W. 1967. Thermal hydrolysis of
some natural fats. Lipids 2:435.. .

R «
. '

Nolen, G.A., Alexander, J.C., ard Artman, N.R. 1967' Long—term ret
feeding study with used frying fats. J. Nutr. 93: 337. .

&

Norrls, R., Gray, l.K., McDowell, A.K.R., and Dolby, R.M. 1971 The
.+ chemical comp031t10m and physxcal properties of fractions of milk
fat obtained by a commercial fractionation process. - ’
J. Dairy Res. 38: 179. -

Ohfugi, T. and Kaneda, T. 1973. Characterization of toxic coﬁpounds in
thermally oxidized oil. Lipids 8: 353.

) 0
. € 0

Ottaviani, P., Géaxlle, J., Pirfetti, P., and Naucet, M. 1979. Produits
d'alteration thermooxydative des huiles chauffees I4. Compose '
apolalras au faiblement polaires. Chem. Phys. Lipids - 24: 57.

Patton, S. and Jensen, R.G. 1975. Lipid metabolism and membrane Functlons
of the mammary glend. In "Progréss in the Chemistry of Fats and
Other prlds," ed. R.T. Holman, p. 163. Pergamon Press Ltd:,
Oxford. - ‘ IS

———— 1 e
B —

- [

P e o




a7

- 130 -

——

Patton, S. and Keenan, T.W. 1975. The milk ?at globule membrane.
Biochim.” Biophys. Acta 415: 273. :

~

Paulose, M.M. and Chang, S.S5. 1978. Chemical reactions involved in the
, deep fat frying of foods. VIII. Characterization on non-volatile
) decomposition products of triolein. J. Am. 0il Chem. Soc. 55: 375.

. - -~ P

Perkins, £.G. 1976. Chefhical, nutritional, and metabolie studies of
heated fats. I. Chemical aspects. Rev. Fr. Corps bras. 23: 257.

Perkins, E.G. and Wantland, L.R. 1973. Characterization of non-volatile
. compounds formed during thermal oxidation of l-linoleyl -2,3 -

o 2 distearin. III. Evidence for presence of dimeric fatty aclds.

J. Am. 0il chem. Soc. 50: 459.

’
13 ’ ’

- Pokorny, IJ., Rzepa, 3 , and Jenicek, G. 1976a. Lipid oxidation. Part 1.
Effect of free carboxyl group on- the decomposition of lipid
hydroperoxide. Nahrung 20: 1.

f

- Pokorny, ' J., Kundu, M.K., Pokorny, S., Bleha, M., and Cbupek J. 1976b.
Lipid oxidation. 4. Preducts of, thermooxldatlve polymerization of
vegetable oils. Nahrung 20 157

Poling, C.E., fagle, E., Rice, E.E., Durand, A.M., and Fisher, M. 1970.
s - Long-term responses of rats to heat-treated dietary fats: IV.

. Weight gains, food and energy efficiencies, longevity and

’ " histopsthology. Lipids 5: 128.

Rama&athan, V., Sakuragi, T., and Kummerow, F.A. 1959. Thermal oxidation
of methyl esters of fatty acids. J. Am. 0il €hem. Soc. 36: 244.

.

" chaap, J.E. and Kim, J.C. 1981. The use of fractionated butterfat as
shortening for puff pastry and French rolls (Abstract). Neth.
( Milk Dairy J. 35: 189.

}

Schaap, J.E. and Rutteﬁ, G.A.M. 1976. Effect of technological factors on
‘the crystallization of bulk fat. Neth. Milk Deiry J. 30: 197.

/

Schaap, J.E. and van Beresteyn, .E.C.H. H§72 Uses of frgctionated milk
fat. (Abstract). Neith. Milk Dai;y J. 26: 234.




. - t

P N . A LT R ot D T

- ]3] - t'

Schogt, J.C.M. and-Haverkamp Begemann, P. 1965. Isolation of
1l-cyclohexylundecanoic acid from butter. J. Lipid Res. 6: 466.

" Scott, T.W., Cook’, |-4J., Ferguson, K.A., McDonald, I.W., Buchanan, R.A.
and Loftus Hills, G. 1970. Production of polyunsaturated milk fat
in domestic ruminants. Aust.~3J. Sci. 32: 291.

Selke, E., Rohwedder, W.K., and Dutton, H.J. 1975. Volatile components
from tristearin heated in air. J. Am. 0il Chem. Soc. 52: 232.

. o) °
Selke, E., Rohwedder, W.K., and Dutton, H.J. 1977, Volatile components
from triolein heated in air. J. Am. 0il Chem. Soc. 54: 62.

Sefkp, E., Rohwedder, W.K., and Dutton, H.J. 1980. Volatile components
from trilinolein heated in air. J. Am. 0il Chem. Soc. 57: 25.

Sonneveld, W., Haverkamp Begemann, P., van Beers, G.J., Keuning, R., and
Schogt, J.C.M. 1962. 3,7,11,15-tetramethylhexadecanoic acid, a
constituent of butterfat. J. Lipid Res. 3: 351.

Sonntag, N.O.V. 1979. Composition and characteristics of individual fats
and oils. In "Bailey's Industrial 0il and Fat Products,” Volume 1,
4th edition, ed. D. Swern, p. 396. John Wiley and Sons, New York.

Thomas II1I, A.E. 1985. Fractionation and winterization: processes and
products. In "Bailey's Industrial 0il and Fat Products," Volume 3,
ed. T.H. Applewhite, p. 1. John Wiley and Sons, New York.

Thompson, L.V. and Aust, R. 1983. Lipid charges in french fries and
heated oils during commercial deep frying and their nutritional and
toxicological implications. Can. Inst. fFood Sci. Technol. J.

¥ 16: 246. N

N\

__limmen, H., Frede, E., and Precht, D. 1984. Characterization of short and
long chein butterfat fractions obtsined with supercritical carbon
dioxide. In "Lipidforum: Milkfat and its Modification,” ed. R.
Marcuse, p. 92. SIK, Goteborg, Sweden.

o

Tirtiaux, A. 1983. Tirtiaux fréctionation: Industrial applications.
J. Am. 0il Chem. Soc. 60: 425A.




Co - 132 -

L]

Tolboe, 0. 1984, Physical chatacteristics of butter fat and their
influence on the quality of danish pastry and cookies. 1In
"Lipidforum: Milkfat and its Modification," ed. R. Marcuse, p. 43.
S1K, Goteborg, Sweden.

v

‘Tverdokhleb, G.V., Stepanenko, T.A., and Nesterov, V.N. 1974. Formation
of milkfat crystals as a function of chemical composition and
cooling conditions. XIX Int. Dairy Congr., IE: 214,

. <

" Urbach, G. 1979. The flavour of milk fat. In: "Proceedings of Milk Fat
Symposium," p. 18. CSIRO, Victoria. ‘

van Beresteyn, E.C.H. 1972. Polymorphism in milk fat in relation to
solid/liquid ratio. Neh@k Milk Dairy J. 26: .117.

van den Tempel, M. 1961. ~Mechanical properties of plastic-disperse
systems at very small deformstions. J. Colloid Sci. '16: 284.

[ A

Wada, S. and Koizumi, C. 1983. Influence of the position of unsaturated
“fatty acid esterified glycerol on the oxidation rate of
triglyceride. J. Am. 0il Chem. Soc. 60: 1105..

Walker, N.J. 1974. Flavour potenzial of fractionated milkfat.
XIX Int. Dairy Congr., IE: 218.

=3
©

a » \
Waltking, A.E. and Wessels, H.-198l. Chromatographic separation of polar *
and nonpolar components of frying fats. J. Assoc. Off. Anal. Chem.
64: 1329.

o

Walstra, P. and Jenneséz R. 1984. "Dairy Chemistry and Physics,” p. 64. :
John Wiley and Sons, New York.

Wheeler, D.H. and White, J. 1967' Dimer_acid structures. The thermal
dimer of normal linoleate, methyl ‘9-cis, I2~Q;s octadecadienoate.
J. Am. 0il Chem. Soc. 44: 298.

3 ©

Whitlock, C.B. and Nawar, W.W. 1976a. Thermal oxidatioﬁ of
mono-unsaturated short chain fatty acids: 1. Ethyl 3-hexenoate.
J. Am. 0il Chem. Soc. 53: 586. , .

)




O R LG i F AR ws ey s e B . U
SRR R A . i TaRiR el C . P . AR x B, ,:gz:e‘g
H S

: \
- 133 -
A - | | "’
- "v . s ® o .
" Whitlock, C.B. and Nawar, W.W. 1976b. Thermal oxidstion of ¢
mono-unsaturated short chain fatty acids: II. Methyl hexenoate,
hexenoic and octenoic acid. J. Am. 0il Chem. Soc. 53: 592.
/‘ . N } &‘
- Williamson, L. 1953. the thermal decomposition of methyl linoleate
A + hydroperoxide. J. Appl. Chem. 3: 301.
- _ Witchwoot, A., Crnjar, E.D., and Nawar, W.W. 1981. Influence of ;
< polyunsaturation.on thermal decomposition of saturated
triscylglycerols. J. Agric. Food Chem. 29: 192.
) . . / N
: | <f
. Woodrow, I.L. and de Man, J.M. 1968. Polymorphism in milk fat shown by
- x-ray diffraction and infrared spectroscopy.
J. Dairy Sci. 5l: 996. )
. oo 9 ' N
, . Yoshida, H. and Alexander, J.C. 1982. Fatty acid distributiori in the
: ’ triacylglycerols isolyted from thermally oxidized oils. Nutrition
N . . Reports International 26: 655. )
L . - ‘ s
~ ’ /-\\ ! . }
A . ' e
i L) ’1 . . e
/. ‘
. ’ . — &
o 4 'Q
(‘m - - & \ -
[/ ' ’ : .
2 SR
g ) . —
t . . ]

13
s
a9
N 4 P et 4 i s
. - * . s » Q . E] 24
o & - Y mdE e metdt e - L] - . o~ IO \ i‘,_ ~ p
e andr P D0 et e b Dl A e & WA 1. w2 BN e E e D L LT Ml saettb e wecewd Y T



